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Neuropatológicamente, la enfermedad de Alzheimer se caracteriza por una acumulación 
anormal de proteína amiloide, en forma de placas extracelulares, y de proteína tau, en forma 
de ovillos dentro las neuronas, en el cortex cerebral. A pesar de que este “paradigma cortical” 
ha sido siempre el predominante a la hora de entender la enfermedad de Alzheimer, recientes 
estudios neuropatológicos y de neuroimagen muestran que otras estructuras cerebrales juegan 
un papel crucial en el origen y progresión de esta devastadora enfermedad. Es por ello que, en 
esta tesis, exploramos nuevos biomarcadores de la enfermedad de Alzheimer, es decir, 
marcadores que van más allá de los clásicos indicadores corticales de amiloide, tau y 
neurodegeneración. En particular, los biomarcadores explorados en esta tesis se centran en el 
rol de la patología en sustancia blanca y de los deterioros sutiles en la cognición en la 
progresión y patogénesis de la enfermedad de Alzheimer. Para ello hemos utilizado datos 
provenientes de uno de los mayores estudios observacionales de la enfermedad Alzheimer, el 
Alzheimer’s Disease Neuroimaging Initiative (ADNI), en el que múltiples biomarcadores 
neuroquímicos y de neuroimagen son estudiados a lo largo del tiempo en las fases preclínica, 
prodrómica y de demencia de la enfermedad de Alzheimer. Esta tesis se estructura en tres 
estudios principales, cuyo objetivo radica en responder a las siguientes cuestiones: 1) ¿Están 
las lesiones en sustancia blanca relacionadas con la acumulación patológica de proteína 
amiloide? 2) ¿Está la desmielinización, medida con tomografía por emisión de positrones de 
amiloide, relacionada con la progresión de la enfermedad de Alzheimer? 3) ¿Es la memoria 
episódica un buen marcador de la progresión sintomática de la enfermedad de Alzheimer? 
¿Provee valor predictivo a los biomarcadores de amiloide, tau y neurodegeneración? Entre 
otras pruebas, la Alzheimer’s Disease Neuroimaging Initiative proporciona datos de 
tomografía por emisión de positrones de amiloide, así como datos de resonancia magnética 
nuclear y de líquido cefalorraquídeo, lo que permite poner a prueba las anteriores hipótesis en 
una cohorte única en términos de tamaño y de seguimiento longitudinal. Para contestar la 
primera de las anteriores cuestiones, se midieron las lesiones en sustancia blanca a través de 
las hiperintensidades medidas por resonancia magnética nuclear con atenuación de fluidos. 
Las hiperintensidades en sustancia blanca son hallazgos radiológicos comunes en el cerebro 
envejecido, e inicialmente se creía que estos hallazgos estaban asociados exclusivamente a 
enfermedades cerebrovasculares isquémicas. Sin embargo, más y más evidencia apunta a que 
las hiperintensidades en sustancia blanca emergen al mismo tiempo que los cambios 
patológicos característicos de la enfermedad de Alzheimer. En este sentido, varios estudios 
han hallado que las hiperintensidades se asociaban con la severidad de la taupatía y la 
neurodegeneración en pacientes con enfermedad de Alzheimer, siendo la degeneración 
Walleriana el mecanismo hipotetizado como responsable de esta alteración de la sustancia 
blanca. Esta hipótesis implicaría que la degeneración neuronal sería pues responsable del daño 
en sustancia en blanca, y por tanto estas hiperintensidades no serían un marcador temprano de 
la enfermedad. No obstante, estudios más recientes en enfermedad de Alzheimer de origen 
genético apuntan que las hiperintensidades en áreas posteriores del cerebro emergen 
simultáneamente con los primeros cambios patológicos en los niveles de amiloide y tau en 
líquido cefalorraquídeo, lo que sugiere que las hiperintensidades en sustancia blanca son una 
de las características patológicas más tempranas de la enfermedad de Alzheimer, desafiando 
entonces la hipótesis de la degeneración walleriana. Estos hallazgos fueron respaldados por 
dos estudios recientes que muestran que las hiperintensidades localizadas en regiones 
parietales y frontales se asocian únicamente con amiloide, pero no con tau, en ancianos 
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cognitivamente intactos. Debido a la naturaleza no longitudinal de estos estudios, no está 
todavía claro si las hiperintensidades relacionadas con el amiloide son detectables antes de 
que lo haga el amiloide en una imagen de amiloide por tomografía por emisión de positrones. 
De ser así, las hiperintensidades en sustancia blanca podrían ayudar a identificar a los 
llamados "acumuladores" de amiloide con niveles subclínicos de la enfermedad de Alzheimer. 
Estos sujetos podrían ser los candidatos óptimos para las terapias anti-amiloide. Para testear 
esta hipótesis, estudiamos las asociaciones entre la carga global y los patrones regionales de 
hiperintensidades, y la acumulación de amiloide a lo largo del tiempo en participantes 
cognitivamente normales con bajo carga de amiloide en el cortex en ADNI. Se examinaron 
ciento cincuenta y nueve participantes cognitivamente normales de ADNI con baja carga de 
amiloide, medida con tomografía por emisión de positrones de amiloide, al inicio del estudio. 
Todos los participantes fueron escaneados en una resonancia magnética de 3T, con secuencias 
T1 y FLAIR para la medida de las lesiones en sustancia en blanca. Todos los participantes 
tienen una imagen de tomografía por emisión de positrones de amiloide al inicio del estudio, y 
al menos otra tomografía más de seguimiento, adquiridas en intervalos de 2 años hasta los 8 
años. El volumen de las hiperintensidades se midió usando un método automático. Se aplicó 
corrección de volumen parcial para la cuantificación objetiva de los escáneres de amiloide. La 
asociación entre la carga de hiperintensidades global y regional, y la acumulación de amiloide 
se estudió utilizando modelos lineales mixtos ajustados por datos demográficos y carga de 
amiloide al inicio del estudio. Los resultados indican que no hubo correlaciones significativas 
entre las hiperintensidades y la captación amiloide cortical al inicio del estudio. Sin embargo, 
en el análisis longitudinal, el aumento de la captación cortical de amiloide basal y el aumento 
de las hiperintensidades basales globales, frontales y parietales se asociaron con una 
acumulación de amiloide más rápida. La acumulación de amiloide relacionada con 
hiperintensidades se produjo en las regiones corticales parietales, frontales y, en menor 
medida, cinguladas. Estos resultados permanecieron inalterados después de un análisis de 
sensibilidad que excluyó a los participantes con las captaciones de amiloide cortical más altas. 
Nuestros hallazgos son consistentes con estudios anteriores que analizan simultáneamente el 
papel de amiloide y tau en la aparición de lesiones en sustancia blanca. La relación entre las 
hiperintensidades en sustancia blanca y el amiloide, independiente de tau, particularmente con 
hiperintensidades parietales, fue también hallada en estudios transversales en enfermedad de 
Alzheimer autosómica y en dos estudios recientes en ancianos no dementes. Los resultados de 
este trabajo suman a estos hallazgos transversales previos, observando longitudinalmente que 
un patrón similar de hiperintensidades es detectable a niveles subclínicos de patología de 
amiloide, lo que respalda parcialmente la hipótesis de que las lesiones en sustancia blanca son 
secundarias al depósito de amiloide. Aunque el vínculo entre el depósito temprano de 
amiloide y el daño a la sustancia blanca todavía no está claro, la relación podría explicarse por 
a través de varios mecanismos como la desmielinización debida a la disfunción de los 
oligodendrocitos producida por oligómeros de amiloide, así como la degeneración axonal 
secundaria a la activación de la microglía por la acumulación de amiloide. Sin embargo, los 
hallazgos del presente estudio no excluyen la posibilidad de que los patrones observados de 
hiperintensidades tengan una etiología vascular, posiblemente a través de un vínculo causal o 
interactivo entre la patología cerebrovascular y el depósito de amiloide, como sugieren 
estudios previos. La disfunción endotelial o una disfunción más amplia de la barrera 
hematoencefálica pueden ser los vínculos clave, ya que pueden conducir tanto a la formación 
de hiperintensidades como a la alteración del aclaramiento de amiloide, favoreciendo así la 
acumulación de amiloide cerebral. Se necesitan más estudios neuropatológicos y de imagen 




alteraciones en sustancia blanca y la patología vascular. Este es el primer estudio que 
identifica una distribución espacial específica de hiperintensidades que es predictiva de la 
acumulación futura de amiloide entre ancianos cognitivamente normales sin patología de 
amiloide detectable mediante tomografía por emisión de positrones. Estos hallazgos podrían 
tener implicaciones importantes para la identificación temprana de la acumulación de 
amiloide en la enfermedad de Alzheimer y para ensayos clínicos de prevención de esta 
enfermedad. Para contestar a la pregunta número 2 anteriormente expuesta, analizamos como 
la desmielinización de la sustancia blanca, medida mediante tomografía por emisión de 
positrones de amiloide, se relaciona con los biomarcadores de la enfermedad de Alzheimer y 
con su progresión cognitiva y neurodegenerativa. Apoyado por investigaciones recientes en 
esclerosis múltiple, la imagen de tomografía por emisión de positrones de amiloide se ha 
postulado como un marcador de degeneración de la sustancia blanca. Aunque el mecanismo 
de ligado del trazador a la sustancia blanca todavía no se entiende completamente, se ha 
sugerido que los trazadores de amiloide podrían unirse a la estructura de la lámina beta de la 
proteína de mielina, reflejando así la integridad de la mielina incluso en sustancia blanca de 
apariencia radiológica normal. A pesar de la evidencia anteriormente mencionada, la 
asociación de la desmielinización reflejada por la tomografía por emisión de positrones de 
amiloide con la progresión de enfermedad de Alzheimer todavía no se ha investigado. En este 
estudio, planteamos la hipótesis de que una captación baja de trazador de tomografía por 
emisión de positrones de amiloide en la sustancia blanca refleja la desmielinización de esta 
región, y que este cambio patológico está asociado con la progresión de la enfermedad de 
Alzheimer. Para probar estas hipótesis, se examinaron las asociaciones entre la captación de 
Florbetapir, un trazador fluorinado de amiloide, en la sustancia blanca cerebral, y los 
biomarcadores de la enfermedad de Alzheimer, la cognición, y los cambios clínicos y 
neurodegenerativos longitudinales. Además, también se exploraron las asociaciones entre la 
captación de Florbetapir en el tronco encefálico y los marcadores anteriormente mencionados 
para explorar si la patología desmielinizante de la sustancia blanca se extiende a regiones 
alejadas de la corteza cerebral. Para ello, se incluyeron todos los participantes de ADNI con 
imágenes de resonancia magnética, tomografía por emisión de positrones de amiloide 
(Florbetapir) y punciones lumbares realizadas al inicio del estudio (n = 745). Primeramente, 
se evaluaron las asociaciones transversales entre la captación de Florbetapir en la sustancia 
blanca y tronco encefálico, y los biomarcadores de cognición, de imagen y de líquido 
cefalorraquídeo. En los análisis longitudinales, investigamos si la captación basal de 
Florbetapir en la sustancia blanca y en el tronco encefálico se asociaron con un deterioro 
cognitivo más rápido, una mayor acumulación de hiperintensidades en la sustancia blanca y 
unos volúmenes del hipocampo más bajos. Los análisis transversales mostraron que la baja 
captación de Florbetapir en sustancia blanca y tronco encefálico, independientemente de la 
captación cortical, las hiperintensidades en sustancia blanca y el diagnóstico clínico, se 
asociaron con niveles más bajos de amiloide en líquido cefalorraquídeo. En pacientes con 
deterioro cognitivo ligero con amiloide cortical elevado (A+), la baja captación de Florbetapir 
en sustancia blanca y en tronco encefálico también se asociaron con niveles más altos de tau 
en líquido cefalorraquídeo y con cognición global más deteriorada. Longitudinalmente, la baja 
captación de Florbetapir tanto en sustancia blanca como en tronco encefálico se asociaron con 
un deterioro cognitivo más rápido, mayor acumulación longitudinal de hiperintensidades en 
sustancia blanca y mayores tasas de atrofia del hipocampo entre los participantes A+ 
cognitivamente normales y con deterioro cognitivo ligero. Tomados en conjunto, nuestros 
hallazgos se suman a los estudios recientes que vinculan las lesiones en sustancia blanca con 
una reducción de la captación del trazador de amiloide en envejecimiento normal y en 
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esclerosis múltiple, y sugieren que la degeneración de la sustancia blanca, medida mediante 
tomografía por emisión de positrones con trazadores de amiloide, es relevante para la 
progresión cognitiva y patológica de la enfermedad de Alzheimer preclínica y prodrómica. 
Los mecanismos detrás de la disminución global en la captación de Florbetapir en la sustancia 
blanca observada en sujetos con amiloide cortical elevado no están claros. Un estudio reciente 
sugiere que las lesiones parietales en sustancia blanca son específicas de la enfermedad de 
Alzheimer, hipotetizando que estas se deben a la degeneración Walleriana secundaria a la 
degeneración neuronal. Aunque este efecto podría explicar nuestras observaciones, 
particularmente las relacionadas con tau y neurodegeneración, no está claro cómo las regiones 
alejadas del cortex, como la sustancia blanca profunda o el tronco encefálico, podrían verse 
afectadas por este proceso. Otro posible mecanismo de degeneración de la sustancia blanca 
relacionada con la enfermedad de Alzheimer es la acumulación anormal de amiloide soluble, 
la forma más tóxica de amiloide, en estas áreas. De acuerdo con un estudio neuropatológico, 
los oligómeros de amiloide, particularmente aquellos formados de Aβ-42, estaban 
anormalmente elevados en la sustancia blanca de los pacientes con la enfermedad de 
Alzheimer, independientemente de la gravedad de la patología cortical. La desmielinización 
asociada a estos oligómeros explicaría la fuerte correlación entre los niveles bajos de Aβ-42 
en líquido cefalorraquídeo y la baja captación de Florbetapir en la sustancia blanca y tronco 
encefálico. Además, esta observación podría ayudar a comprender mejor por qué los niveles 
de Aβ-42 en líquido cefalorraquídeo se vuelven anormales antes que la tomografía por 
emisión de positrones de amiloide, lo que sugiere que las anomalías en la sustancia pueden 
preceder a las placas corticales detectables por neuroimagen. Es necesario explorar en futuros 
estudios si esta degeneración es el efecto desencadenante que conduce al depósito de amiloide 
cortical o simplemente una patología asociada a la edad que interacciona con la enfermedad 
de Alzheimer.  En conclusión, nuestros hallazgos sugieren que la tomografía por emisión de 
positrones con trazadores de amiloide se puede usar como un marcador temprano de 
degeneración de la sustancia blanca, y que contribuye a la progresión de la enfermedad de 
Alzheimer. Se necesitan más estudios para comprender completamente el origen de la 
degeneración de la sustancia blanca en la enfermedad de Alzheimer, los cambios 
neuropatológicos asociados con una baja retención de trazador de amiloide en la sustancia 
blanca y las propiedades dinámicas de la retención del trazador de amiloide en la sustancia 
blanca. Finalmente, para responder a la tercera pregunta investigamos si la estadificación de 
los síntomas clínicos basada en la memoria episódica es capaz de describir la evolución 
secuencial de los síntomas cognitivos en pacientes con deterioro cognitivo ligero y con 
evidencia de cambios patológicos indicativos de la enfermedad de Alzheimer. El diseño de 
este estudio permite, al mismo tiempo, evaluar si este sistema de estadiaje proporciona un 
valor predictivo extra a los biomarcadores convencionales de amiloide, tau y 
neurodegeneración. Trescientos ochenta y siete sujetos con deterioro cognitivo ligero y con 
marcador de amiloide anormal fueron incluidos y reclasificados cognitivamente como 
deterioro "temprano" o "tardío" en función del deterioro episódico de la memoria. Se 
realizaron comparaciones transversales y longitudinales entre estos dos grupos para cada 
perfil de amiloide, tau y neurodegeneración. Los análisis transversales indican que el 
deterioro cognitivo ligero "temprano" representa una fase de transición entre la cognición 
normal y el deterioro cognitivo ligero "tardío" en términos de biomarcadores de la 
enfermedad de Alzheimer. Después de ajustar por factores de confusión y niveles de amiloide, 
tau y neurodegeneración, el deterioro cognitivo ligero “tardío” progresó significativamente 
más rápido que el deterioro cognitivo ligero “temprano” solo en los perfiles con marcadores 




los síntomas en la enfermedad de Alzheimer prodrómica y complementa los perfiles de 
biomarcadores de amiloide, tau y neurodegeneración. Aunque estudios previos habían 
comparado los deterioros cognitivos ligeros “tempranos” y “tardíos”, el alto número de falsos 
positivos en el grupo de deterioro cognitivo ligero “temprano” podría haber sesgado las 
comparaciones usadas en estos estudios, lo que plantea serias dudas sobre la eficacia de la 
estadificación basada en memoria episódica para monitorizar la cognición en la enfermedad 
de Alzheimer prodrómica. En este estudio se optó por hacer uso de los biomarcadores para 
resolver este dilema, de forma que los sujetos con deterioro cognitivo ligero “temprano” 
realmente se encuentran con cambios neuropatológicos de la enfermedad de Alzheimer. Entre 
estos pacientes, la estadificación basada en la memoria episódica resulta ser útil para detectar 
los cambios cognitivos más sutiles asociados a la enfermedad de Alzheimer, lo que abre una 
potencial ventana terapéutica que podría beneficiar a estos pacientes. Además, se demostró 
que el estadiaje basado en memoria episódica es un predictor independente del deterioro 
cognitivo futuro y de la progresión a demencia, más allá de los biomarcadores de amiloide, 
tau y neurodegeneración. Este resultado apoya la noción de que aunque estos marcadores 
convencionales describen gran parte del deterioro clínico observado, otros factores asociados 
a la enfermedad de Alzheimer, es decir, nuevos biomarcadores, deben ser explorados y 
analizados para llegar a comprender en profundidad las causas del deterioro cognitivo. Por 
ejemplo, estos hallazgos podrían reflejar, en vez de un método más preciso para monitorizar 
cambios cognitivos, pacientes con una reserva cognitiva superior. Estos pacientes serían por 
tanto más resistentes frente a la misma cantidad de cambios neuropatológicos, lo que abre la 
puerta a su estudio más detallado para identificar cuáles son realmente dichos mecanismos de 
resistencia a la patología. Estudios futuros analizarán las causas por las cuales unos pacientes 
resisten peor que otros los cambios neuropatológicos. Dado que en el nuevo marco de 
investigación del Instituto Nacional sobre el Envejecimiento y la Asociación de Alzheimer 
solo se considera un solo estadio cognitivo para todo el espectro del deterioro cognitivo 
ligero, estos hallazgos pueden tener implicaciones importantes para el esquema de 
estadificación clínica numérica de dicho marco, así como para futuros ensayos clínicos 
basados en perfiles de biomarcadores para pacientes con deterioro cognitivo ligero. Los 
resultados globales de esta tesis respaldan la hipótesis de que otros biomarcadores no 
convencionales, que van más allá de los clásicos marcadores de amiloide, tau y 
neurodegeneración, están asociados con la patogénesis y la progresión de la enfermedad de 
Alzheimer. Específicamente, esta tesis proporciona las siguientes conclusiones: 1) Las 
hiperintensidades en sustancia blanca están asociadas con una acumulación más rápida de 
amiloide cortical en sujetos cognitivamente normales sin evidencia de amiloidosis cortical, 
medida mediante tomografía por emisión de positrones con trazador de amiloide. 2) La 
retención del trazador de tomografía por emisión de positrones de amiloide sustancia blanca 
es sensible a la patología desmielinizante en la sustancia blanca. Esta desmielinización 
predice la progresión en la enfermedad de Alzheimer preclínica y prodrómica. 3) La memoria 
episódica es útil para monitorizar el espectro cognitivo prodrómico y proporciona información 
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Although typically conceptualized as a cortical disease, recent neuropathological and 
neuroimaging investigations on Alzheimer Disease suggest that other brain structures play an 
important role in the pathogenesis and progression of this devastating condition. In this thesis, 
we explored novel markers of Alzheimer Disease beyond the classical cortical pathology 
measures of amyloid, tau, and neurodegeneration. We focused on the role of white matter 
abnormalities, assessed with magnetic resonance imaging but also with amyloid positron 
emission tomography, in predicting early pathologic changes and disease progression, as well 
as on the added value of cognition to amyloid, tau, and neurodegeneration biomarkers. 
Overall, we found that these unconventional markers provide useful information to detect the 
earliest pathological changes of the disease, providing a better understanding of the 



















A = Amyloid status 
Aβ = Amyloid beta 
Aβ42 = 42 amino acid isoform of β-amyloid 
AD = Alzheimer Disease 
ADAS-Cog-13 = Alzheimer’s Disease Assessment Scale—Cognitive 13-Item 
ADNI = Alzheimer's Disease Neuroimaging Initiative 
aHV = adjusted Hippocampal Volume 
APOE = Apolipoprotein E gene 
CDR-SB = Clinical Dementia Rating—Sum of Boxes 
CN = Cognitively Normal 
CSF = Cerebrospinal Fluid 
DTI = Diffusion tensor imaging 
EMCI = Early MCI 
ErWM = Eroded WM mask 
FDR = False Discovery Rate 
FLAIR = Fluid-Attenuated Inversion Recovery 
LMCI = Late MCI 
LST = Lesion Segmentation Toolbox 
MCI = Mild Cognitive Impairment 
MMSE = Mini-Mental State Examination 
MRI = Magnetic Resonance Imaging 
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1.1 ALZHEIMER DISEASE 
Alzheimer disease (AD) is a progressive neurodegenerative disease that courses with a wide 
variety of cognitive, functional, and behavioral alterations [1]. The disease can be classified 
according to the age of onset into early-onset AD and late-onset AD. Early onset AD accounts 
for about 1% to 6% of all cases and emerges roughly between 30 and 60 years. Late onset 
AD, characterized by an age at onset superior to 60 years, accounts for around 95% of cases. 
Recent estimations indicate that, by 2050, one in every 85 people will develop AD dementia 
[2]. The costs associated to AD in the USA will increase from its current annual $259 billion 
US dollars to more than $1 trillion USD by 2050 [3]. This financial burden is currently 
superior to that of cancer or cardiovascular disease [4]. The median survival times after a 
clinical diagnosis of AD range from 3 to 8 years depending on the age of diagnosis [5]. As of 
today, no effective treatment exists to cure or halter AD.  
Neuropathologically, AD displays an abnormal deposition of insoluble forms of amyloid β in 
the form of plaques in extracellular spaces, as well as in blood vessels, and aggregation of the 
microtubule protein tau in neurofibrillary tangles in neurons [6]. The abnormal accumulation 
of these two proteins is believed to be responsible for neurodegeneration, in the form of 
synaptic loss and selective neuronal death, and cognitive decline in AD [7]. The most 
accepted hypothesis states that amyloid accumulate first, triggering the accumulation of tau 
and the subsequent neurodegeneration and cognitive decline, as depicted in Figure 1. 
 
 





From a clinical perspective, AD cognitive changes progress over a long-time frame. Memory 
loss is the most common symptom and one of the earliest to be impaired. These memory 
deficits affect the ability to learn and recall new material, resulting in multiple daily-life 
problems such as forgetting of names and appointments or misplacement of belongings. Other 
non-amnestic symptoms are also common in AD: impaired language and visuospatial skills, 
such as problems with words or recognizing faces, and executive dysfunction, which involves 
difficulties for reasoning and solving simple problems. At least one of these cognitive deficits 
must be present for the clinical diagnosis of AD. Also, an evident cognitive decline must be 
evident over a substantial time period, as evidenced by a history of worsening by someone 
close to the patient or by clinical assessments by a qualified dementia physician [9]. When 
these cognitive deficits are sufficiently severe to significantly interfere with patient’s activities 
of daily life, a diagnosis of AD dementia is usually made.  
It is also possible to diagnose the early cognitive changes associated with AD by using a 
clinical entity known as mild cognitive impairment (MCI). The clinical criteria for MCI, as 
defined by Petersen et al [10], include: (1) memory impairment, (2) objective memory deficit, 
(3) absence of other cognitive disorders or repercussions on daily life, (4) normal general 
cognitive function and (5) absence of dementia. The absence of cognitive deterioration in a 
non-memory domain is also required. The concept of MCI was very successful in identifying 
a group of patients at a high risk of progression to dementia, particularly AD dementia, 
representing the first effective effort towards an early diagnosis of AD.  
However, clinical diagnosis of AD solely based on cognitive symptoms has severe limitations. 
It is now well known that the classical multidomain amnestic dementia phenotype used to 
define probable AD [9] does not imply AD pathologic change at autopsy [11-13]. About 10% 
to 30% of individuals clinically diagnosed as AD dementia by experts do not display AD 
neuropathologic changes at autopsy [11]. Conversely, the absence of clinical symptoms does 
not exclude the presence of AD pathologic change:  30% to 40% of cognitively normal (CN) 
elderly people have AD neuropathologic changes at autopsy [13-14].  
The fact that a significant proportion of CN elderly display AD neuropathologic changes has 
led to the definition of preclinical AD [15]. This stage, that may last several years or even 
decades before the onset of symptoms, is characterized by the abnormal accumulation of 
amyloid and tau proteins in the brain without evident cognitive impairment. Recent studies 
indicate that preclinical AD patients, diagnosed in vivo by using imaging techniques to 
measure the presence of amyloid plaques and tau tangles, experience significantly faster rates 
of cognitive decline [16], evidencing the relevance of pathological changes even in the 
absence of significant cognitive impairment.  
The precise definition of AD is currently under debate. Based on the aforementioned 
neuropathological findings in CN older people, the latest update of the National Institute on 
Aging – Alzheimer’s Association (NIA-AA) research framework in 2018 propose the 
diagnosis of AD solely based on the in vivo assessment of the two pathological hallmarks of 
AD, amyloid plaques and tau neurofibrillary tangles [17]. This implies that the diagnosis of 
AD, under this new paradigm, would no longer require the presence of clinical symptoms, 
radically changing the traditional conceptualization of AD as a clinicopathological entity [18]. 
Clinical symptoms and neurodegeneration are relegated as markers of disease progression. 
Thus, the focus is now placed on the tools that allow us to identify AD-related pathological 
changes in vivo, i.e., on the so-called AD biomarkers. 




1.2 CONVENTIONAL ALZHEIMER DISEASE BIOMARKERS 
The term biomarker, i.e., biological marker, refers to a broad spectrum of objective 
indications of a medical state that are observed from outside the patient and that can be 
measured accurately and reproducibly [19]. Biomarkers stand in contrast to clinical 
symptoms, which are limited by the perception of symptoms by the patients. In AD, the most 
commonly used biomarkers are the ones that track the progression of the two pathological 
hallmarks of AD, i.e., amyloid and tau, as well as cortical biomarkers of neurodegeneration. 
These biomarkers play a central role in the 2018 NIA-AA research framework [17] for 
defining AD, as well as have been proven useful to predict clinically relevant outcomes 
among demented, MCI, and preclinical AD patients [20-22]. Biomarkers can be used to track 
both AD-specific pathologic changes, i.e., amyloid and tau, and cortical neurodegeneration, 
which is non-specific for AD. Two main groups of conventional biomarkers, which provide 
largely overlapping information about the disease, are currently accepted in the NIA-AA 
research framework: 1) Cerebrospinal Fluid (CSF) and 2) Imaging biomarkers [17]. In the 
following paragraphs, we review the AD biomarkers that are relevant for this thesis. More 
information about the AD biomarkers not reviewed here, i.e., metabolism and tau Positron 
Emission Tomography (PET), can be found in [23-24]. 
1.2.1 CSF biomarkers 
CSF is a clear fluid produced by the choroid plexus and found in the ventricular system 
and subarachnoid spaces surrounding the brain and spinal cord. CSF analysis is an invasive 
technique that requires a lumbar puncture. The use of CSF analyses for aiding in AD 
diagnosis was therefore difficult since lumbar puncture may be refused by the patients, but 
also by the clinicians due to fear of complications in the form of post lumbar puncture 
headache. Over the past years, however, it has been shown that the incidence of post lumbar 
puncture headache among elderly is low [25]. The use of small gauge needles has also 
reduced the risk of this complication. 
The theoretical background for CSF biomarkers relies on the fact that molecular changes 
in the brain extracellular and interstitial environments are reflected in CSF, since the single-
cell layer epithelium separating the brain and the CSF facilitates the exchange of molecules 
between these two compartments.  
The core CSF biomarkers for AD include the 42 amino acid isoform (Aβ42) of β-
amyloid, phosphorylated tau (p-tau), and total tau (t-tau). These analytes capture key aspects 
of disease progression such as aggregation and deposition of the Aβ42 peptide into plaques, 
phosphorylation of tau and tangle formation, and neuronal and axonal degeneration. Core AD 
CSF biomarkers have been extensively validated as a valuable diagnostic and prognostic tool 
in AD at the preclinical, MCI, and dementia stages [26-28]. However, a potential limitation is 
the large variability in measurements between different laboratories, as well as over time for 
different batches of reagents [29]. In this regard, recent investigations indicate that automated 
arrays may help reduce variability across laboratories and that robust cut-points can be 
derived [30]. 
1.2.2 Imaging biomarkers 
Structural and molecular imaging allow us to “see” how the brain looks and works in life. 
Being able to examine the processes occurring in the brain in a non-invasive way, and to 
inspect the different brain dynamics in response to disease and intervention, has had an 




increasing number of sophisticated neuroimaging techniques has become widely available, 
allowing specific pathological features of the disease to be investigated in detail. Now, we can 
assess histopathological hallmarks of disease, but also brain activity, microstructure, 
perfusion, connectivity, metabolism—in vivo. In the field of AD, neuroimaging techniques 
allowed us to better understand the progression of the pathological cascade and how it relates 
with cognitive symptoms [31], although we do not have yet a full understanding of the 
dynamics of AD [32]. In this thesis, we made use of the two most studied and validated 
imaging techniques in AD: structural MRI and amyloid PET.   
1.2.2.1 Structural Magnetic Resonance Imaging 
Magnetic Resonance Imaging (MRI) is a powerful, non-invasive diagnostic imaging 
technique widely used to obtain detailed information about the anatomical properties of 
different organs, both healthy and diseased. MRI scanners use strong magnetic fields and 
magnetic field gradients to generate high-quality images of the organs in the body. MRI does 
not involve the use of ionizing radiation, which distinguishes it from PET and CT.  
In the AD field, structural MRI is regarded as an important and useful diagnostic and 
prognostic tool for AD. The most common sequence is the T1-weighted, which allows us to 
evaluate the morphology of the brain with millimetric resolution and assess subtle atrophic 
changes. MRI-based measures of atrophy are considered appropriate markers of 
neurodegeneration [17] and are useful to track and predict disease progression [33]. Atrophy 
appears to be an inexorable process that accompanies neurodegeneration. The patterns of 
brain atrophy correlate well with cognitive deficits in both cross-sectional and longitudinal 
studies [34]. Brain atrophy patterns resemble those of tau deposition [35]. The earliest 
topography of tau deposition and associated MRI-detectable atrophic changes typically 
involve the perforant (polysynaptic) hippocampal pathway (entorhinal cortex, hippocampus 
and posterior cingulate cortex), which is consistent with the early memory deficits observed in 
mild AD [36]. As the disease progresses, atrophic changes in temporal, parietal and frontal 
cortices are correlated with neuronal loss, as well as with praxic, visuospatial and behavioral 
impairments [37]. The validity of MRI as a marker of progression was confirmed 
longitudinally by several studies. Rates of change in several structural measures, including 
whole-brain [38], entorhinal cortex [39], hippocampus [40], and also ventricular enlargement 
[41], were found to occur in tandem with changes in cognition. A representative case of 
normal aging and AD atrophic changes can be seen in Figure 2.  
 
Figure 2 - Examples of T1 MRI scans from a cognitively normal subject (left), an amnestic MCI (middle), and 
an AD demented patient (right). Adapted from [42]. 





The following quantification methods are commonly used when atrophic changes in 
different individuals need to be compared: 
• Visual assessment:  
Often, visual assessment of the severity of atrophy in the medial temporal 
lobe is regarded as a measure of disease progression [43]. Visual assessment 
is a fast and practical way to assess MRI scans but it is not sensitive to subtle 
atrophic changes and suffers from inter and intra rater variability. 
• Quantitative volumetric techniques:  
Volumetric measurements are the most commonly used quantitative metric in 
AD. Traditionally, volumes of interest were manually traced. However, the 
increase in computational resources has allowed the use of automated 
methods.  
1. Manual tracing: Manual delineation and quantification of the volume 
of medial temporal lobe structures such as the hippocampus or 
entorhinal cortex have been commonly used in AD and provide an 
objective quantitative measure of the degree of atrophy [44]. The 
main drawback is that manual segmentations can be tedious and time-
consuming. 
2. Automated and semi-automated techniques: Over the recent years, a 
variety of different methods have been developed to automatically 
parcellate gray matter and cortical surfaces into volumes of interest. 
Cortical surfaces are used to compute global and regional cortical 
thickness. Since automated and semi-automated methods do not 
require important manual edits, they are tremendously useful for 
large-scale studies. 
An advantage of volumetric approaches, such as measuring hippocampal 
volume, is that these metrics describe an a priori known anatomical structure 
that is closely related to the pathological features of the disease and 
functionally related to clinical symptoms – episodic memory impairment. The 
disadvantage of using a priori regions of interest is that the information 
obtained is spatially limited and does not exploit all the available information 
in a T1 scan. 
• Quantitative voxel-based method: 
 
This methodology allows us to assess atrophy without any a priori 
assumption about the volume of interest.  
1. Voxel-based techniques: Voxel-based morphometry (VBM) [45] 
provides a powerful way to test for a wide variety of hypothesis, 
including group and correlational analyses. Although VBM permits 
the visualization of the spatial patterns of neurodegeneration 
characteristic of the disease, these patterns are statistical averages 





2. Automated individual subject diagnosis: New automated approaches 
that take into account the multivariable nature of neuroimaging data 
have been developed over the last years. These novel methods learn 
the disease and health patterns from a large sample of diseased and 
control MRI scans, providing subject-specific continuous scores of the 
degree of pathologic changes, summarizing in a single metric all the 
information contained in the MRI scan [46]. 
1.2.2.2 Amyloid PET 
PET is a technique that allows track physiological function by looking at 
metabolism, proteins, and radiolabelled drugs, among others. PET provides the opportunity to 
carry out both visual and quantitative analyses, allowing changes over time to be monitored as 
a disease progresses or in response to a specific treatment. The PET camera system detects 
coincident pairs of gamma rays emitted indirectly by a positron-emitting radioligand, most 
commonly fluorine-18. Radioligands are injected into the body on a biologically active 
molecule (radioactive tracer) that transport the radioligand to the target of interest. Different 
tracers and radioligands can be used depending on the purpose of the PET study. 3D images 
of tracer concentration throughout the body are then reconstructed using complex 
mathematical techniques. In modern PET machines, 3D tracer imaging is often accomplished 
with the help of a computed tomography X-ray scan acquired on the patient during the same 
session, in the PET camera. This X-ray scan improves the quality of the PET image, as well 
as helps the nuclear physician to better correlate PET findings with anatomical structures. 
Although recent advances have importantly increased image quality, current resolution of 
modern PET scanners is low compared to that of MRI (4-5 mm). 
1.2.2.2.1 Amyloid PET tracers 
PET with amyloid tracers has revolutionized neuroimaging in aging and AD 
over the past years by enabling the detection of amyloid plaques, one of the defining 
pathologic features of AD. The first specific tracer for amyloid-beta (Aβ) studied in humans 
was the carbon-11 (11C)-labeled Pittsburgh Compound B (PiB). PiB is an analogue of 
thioflavin-T that binds to fibrillar Aβ with high sensitivity and specificity [47]. PiB displays 
high affinity to both extra-cellular amyloid plaques (mainly composed of the Aβ 1-42 peptide) 
and vascular amyloid deposits (mainly composed of Aβ 1-40 peptides) [48]. PET with PiB 
has become an essential part of research studies on AD. However, the short half-life of 11C 
(20 minutes) limits its use to facilities equipped with a cyclotron, severely limiting its clinical 
applicability. Because of this, a new generation of amyloid tracers labeled with fluorine-18 
(18F, 110-minute half-life) has been developed, allowing to produce and deliver amyloid 
tracers for widespread clinical use. Three 18F amyloid imaging agents are already available 
and have been prospectively validated in autopsy studies: flutemetamol, a 3'-fluoro analog of 
PIB [49]; florbetapir, a styrylpyridine derivative [50]; and florbetaben, a derivative of stilbene 
[51]. A Florbetapir scan of a cognitively normal subject without amyloid burden and an AD 
demented patient with elevated cortical amyloid can be seen in Figure 3. A significantly 
higher Florbetapir uptake in the frontal, parietal, and lateral temporal cortices and striatum is 
the commonly observed retention pattern in AD demented patients compared to CN subjects. 
An interesting characteristic of amyloid tracers, as can be seen in Figure 3 as 
well, is the elevated uptake in both controls and AD patients in the white matter, brainstem, 
and pons. This tracer retention is considered to be non-specific since amyloid plaques in these 




areas are unlikely in subjects without evident cortical pathology [52]. It is now well known 
that amyloid tracers bind to the myelin protein, and its use as marker of myelin integrity is 
currently under active investigation [53]. These findings are of uttermost importance for this 
thesis and will be discussed in detail later.  
  
1.2.2.2.2 Quantification  
Different methodologies have been employed for the quantification of amyloid 
PET scans. It has been shown that the highest accuracy can be achieved by using 90-min 
dynamic acquisitions and applying Logan [54] or reference tissue models [55]. However, 90-
min acquisitions or arterial radioactivity sampling present practical difficulties, limiting its 
clinical applicability. A more practical approach that relatively preserved accuracy is to a start 
a 20-min imaging period 40 to 50 min after tracer injection. This time window was observed 
to be the one in which the tracer reaches a steady state equilibrium. Good test-retest 
variability (5–7%) can be obtained using this protocol [56], proving to be acceptable 
substitutes for more complicated dynamic studies. This precision is also kept longitudinally: 
in serial PiB imaging sessions, late uptake methods show a good intra-subject variability of 
3% [57]. 
The definition of what constitutes an abnormal amyloid PET scan has been 
investigated in detail over the last years. As with MRI, amyloid PET scans can be evaluated 
visually. However, most research studies use a quantitative method in which radiotracer 
retention in a priori defined cortical regions of interest is measured, and then normalized to a 
reference value. In dynamic scans, the reference function can be an arterial input function but 
for most of the studies, which use late uptake acquisitions, the reference function is the 
measured retention in the cerebellar grey matter or the whole cerebellum. This quantity is 
known as Standardized Uptake Value Ratio (SUVR) [58]. For its calculation, one typically 
Figure 3 - Top: Example of an AD demented patient with elevated cortical 




uses one of the many available fully automated software packages to spatially register an 
anatomic parcellation of the cortex, usually obtained from a high resolution T1 MRI scan, to 
the amyloid PET scan. Then, uptake values are accurately extracted from selected regions of 
interest. With Florbetapir, the most commonly used cut-point for amyloid positivity is SUVR 
= 1.11, as defined using a cortical aggregate normalized to whole cerebellum uptake [58]. It 
must be noted that SUVR values are dependent on the specific amyloid ligand as well as on 
the image analysis used. The SUVR = 1.11 threshold was found to be the optimal in 
discriminating between demented and CN participants, however, lower thresholds are needed 
if one wants to capture the earliest stages of amyloid deposition [59]. Apart from the 
quantification in regions of interest, the same voxel-based techniques reviewed in Section 
1.2.2.1 can be applied to amyloid PET scans. 
As an effort to harmonize amyloid quantification across different protocols and 
amyloid ligands, the so-called Centiloid scale was proposed [60]. To define a centiloid scale 
in which express cortical amyloid retention, amyloid PET scans were performed in a group of 
typical AD patients to define the upper/pathological top of the scale (centiloid value = 100), 
and in a group of young CN individuals to define the low/healthy bottom of the scale 
(centiloid value = 0). Cortical SUVR values are then linearly scaled across this range, using 
the average values in these two groups.  
1.2.2.2.3 Amyloid PET findings across the spectrum of AD 
About 30% to 35% of CN and 50% to 60% MCI patients display elevated 
cortical tracer uptake [61-62], consistent with post-mortem studies [13-14,63]. In AD 
demented patients, about 85% to 90% present elevated cortical uptake in an amyloid PET 
scan [61]. Amyloid-negative patients diagnosed as AD dementia are widely regarded as 
patients who have been given an incorrect diagnosis [64]. Remarkably, cortical uptake 
strongly correlates with the most important genetic factor for late onset AD, the ε4 allele of 
the Apolipoprotein E (APOE) gene [65]. 
1.2.2.2.4 Amyloid PET and clinical outcomes 
It is now well established that both CN elderly [16,20] and MCI subjects [66] 
with positive amyloid PET scans present faster rates of global cognitive deterioration. 
Amyloid-positivity is associated with more pathological markers of neurodegeneration across 
CN, MCI, and AD demented individuals [67]. Longitudinally, amyloid-positive subjects 
display faster rates of atrophy than amyloid-negative in CN and MCI [68-69]. 
1.2.2.2.5 Amyloid PET and clinical diagnosis 
As noted by two recent reports, amyloid PET seems to be a valuable tool for the 
clinician: according to two recent reports, amyloid PET increases diagnostic certainty in the 
most complex cases of dementia [70] and significantly influences the clinical management of 
MCI and AD dementia patients [71]. However, one the major limitations for AD diagnosis at 
typical age of onset arises because 30% of CN individuals display elevated amyloid. This 
high age-associated prevalence implies that a positive amyloid PET cannot be regarded as 
causative of the observed clinical syndrome without taking into account the prior probability 
of positivity based solely on age. The dementia expert should therefore consider the 
possibility that concurrent, age-related amyloid positivity may not be relevant to the 
presenting symptoms. For this reason, amyloid PET is most commonly used as tool for ruling 
out AD as the cause of cognitive impairment [72]. Other measures of advanced brain 




amyloidosis might help to make amyloid PET a diagnostic tool with a closer correlation to 
clinical symptoms [73]. 
1. 3 UNCONVENTIONAL ALZHEIMER DISEASE BIOMARKERS 
Beside the aforementioned cortical biomarkers of amyloid, tau, and neurodegeneration, other 
markers that target different features of AD pathology, including imaging, fluid, and cognitive 
measures, are being actively investigated. Similar to cortical neurodegeneration markers, 
these new examinations probe non-specific features of AD that, however, might play an 
important role in the pathogenesis and progression of the disease. Many of these novel 
markers focus on pathologic changes in the cortex such as neuroinflammation, nevertheless, 
there is an increasing interest in how other structures such as the white matter (WM) [74] or 
the brainstem [75] contribute to AD pathology. This new paradigm challenges the traditional 
conception of AD as an exclusively cortical pathology, and points towards tight links between 
the earliest cortical pathologic changes in AD and WM abnormalities [76].  
In this thesis, we continued this line of investigation and explored how WM abnormalities, 
assessed with both MRI and PET, contribute to AD pathological hallmarks and progression. 
Moreover, we also studied how a simple episodic memory assessment can aid in the 
prediction of progression among MCI participants with a complete biomarker description in 
terms of amyloid, tau, and neurodegeneration. In the following paragraphs we summarize the 
unconventional markers used in this work.  
1.3.1 White matter hyperintensities 
WM lesions, visualized as WM hyperintensities (WMH) in a Fluid-Attenuated Inversion 
Recovery (FLAIR) MRI scan, are commonly found in the aging brain. Initially thought to 
reflect normal-aging changes in WM tissue, WMH regions are now known to be 
histologically correlated with myelin pallor, tissue rarefaction associated with loss of myelin 
and axons, and mild gliosis [77]. Etiologically, WMH are commonly regarded as small vessel 
disease [78]. WMH also correlate with cognitive, functional, emotional, and motor 
abnormalities in elderly people [78]. Moreover, high WMH burden increases the risk of 
progression from MCI to AD dementia [79] and accelerates cognitive decline in CN older 
people [80], suggesting that these lesions might be etiologically linked to AD. Against this 
hypothesis, WMH are usually considered as a comorbidity rather than part of AD 
pathophysiology [81]. In the following, we review previously published evidence linking 
WMH and the two pathological hallmarks of AD, amyloid and tau. 
1.3.1.1 White matter hyperintensities and amyloid 
WMH burden is tightly linked to vascular risk factors and age, so determining the 
independent contributions to this burden from AD pathology is difficult and requires large 
populations. However, this limitation can be avoided by studying the temporal course of 
WMH in familial AD, given that age of onset is ~45 years and WMH related to vascular risk 
are unlikely at these ages. According to a recent study from the Dominantly Inherited 
Alzheimer Network in familial AD, WMH in posterior areas of the brain emerge 20 years 
before the onset of symptoms in familial AD, and in tandem with changes in CSF Aβ-42 and 
p-tau levels [76], suggesting that WMH are one of the earliest pathological features of AD. 
These findings in autosomal AD were later confirmed in two recent studies examining the 
associations between amyloid and tau among CN older individuals [82-83], finding a specific 




cross-sectional, it is not possible to infer the causative pathway. However, several hypotheses 
have been proposed linking early amyloid deposition to WM damage, such as 
oligodendrocyte disfunction and demyelination induced by amyloid oligomers [74], or axonal 
degeneration secondary to amyloid-related microglial activation [84]. It is also possible that 
vascular pathology lead to amyloid deposition [85], though the mechanisms seem less clear. 
Further longitudinal studies are needed to understand the temporal ordering between WMH 
and amyloid deposition.  
1.3.1.2 White matter hyperintensities and tau 
Several neuropathological studies have previously found that WMH correlate with 
the severity of cortical tau pathology in AD dementia patients [86], particularly in parietal 
lobes [87]. The most accepted mechanism for this observation is Wallerian degeneration [88], 
in which axonal degeneration is subsequent to tau-mediated neuronal death. Neuroimaging 
studies have found no significant association, beyond that driven by amyloid, between WMH 
and tau in CN individuals [82-83], suggesting that Wallerian degeneration contributes to 
WMH only in late stages of the disease.  
1.3.1.3 Quantification 
At present, no unified criteria have been established for the measurement of WMH. 
Several methodologies exist to quantify the presence and severity of WMH burden on FLAIR, 
ranging from visual assessments to fully automated approaches. Visual scales are easy and 
reliable when employed by an experienced neuroradiologist, but they are not sensitive to 
subtle differences in WMH burden. Semi-automated and automated methods provide exact 
WMH volumes, allowing us to quantify WMH with a continuous variable, more sensitive to 
subtle associations. Commonly used visual rating scales include those proposed by Fazekas 
and Scheltens [89-90]. These scales have been successfully applied in cross-sectional studies 
since they display good intraobserver and interobserver variability for measuring WMH [91]. 
However, visual rating scales are time-consuming to apply, have ceiling effects and thus are 
not suitable for tracking WMH progression [92]. Although semiquantitative visual scales have 
been developed for tracking WMH change, automated WMH measurement methods provide 
the most accurate and fast quantification of WMH burden and progression [93]. An example 
of a FLAIR scan along with an automated segmentation of the WMH can be seen in Figure 4.  
 
Figure 4 - Example of a A) T1 scan, B) FLAIR scan, and C) FLAIR scan along with the automated WMH 
segmentation in red. 




1.3.2 Amyloid PET as marker of myelin integrity 
In recent years, amyloid PET has been proposed as a potential marker of WM lesions in 
multiple sclerosis [94]. As already mentioned in Section 1.2.2.2.1, it is well known that all 
amyloid PET tracers show strong binding to the WM, independently of the presence of 
evident cortical amyloid burden. However, the mechanism of this binding is poorly 
understood. Although traditionally considered to be mainly driven by the non-displaceable 
and non-saturable characteristics of the ligands, this hypothesis seems to be inconsistent with 
longitudinal studies [95]. Based on the fact that some Congo Red derivatives used to derive 
amyloid PET ligands show high affinity for myelin, it has been suggested, as an alternative 
mechanism to explain WM binding, that the beta-sheet structure present in both amyloid 
plaques and in myelin binding proteins (which is the most abundant component of myelin) is 
a common target for amyloid PET tracers [94,96]. 
The hypothesis that amyloid PET ligands bind to myelin was initially investigated both in 
vitro and ex vivo by using PiB and autoradiography in human brain specimens [94], and 
subsequently in several studies in animal models and multiple sclerosis (see, for instance [97-
98]). These studies showed that amyloid PET tracer retention in WM lesions is reduced, 
supporting the hypothesis that these tracers bind to myelin (Figure 5). PiB has been shown to 
display a stronger binding to normal-appearing WM than to perilesional tissue and WMH, in 
line with the well-known relative loss of myelin in these areas [97,99]. Importantly, 
longitudinal data support the hypothesized ability of PiB to track demyelination and 
remyelination profiles in single lesions over time [96,100]. All these findings strongly support 
the applicability of PiB in the evaluation of remyelination at the single-subject level, however, 
again, the short half-life of PiB severely restricts its use in clinical trials. For this reason, 
recent studies employed fluorinated tracers such as Florbetapir and Florbetaben to track 
demyelination in vivo in multiple sclerosis patients [98-99]. The use of fluorinated tracers 
would certainly increase the applicability of amyloid PET as a marker of the effectiveness of 
myelin repair therapies.  
 
Figure 5 - Example of a multiple sclerosis patient displaying reduced PiB uptake in WM lesions. Adapted 
from [94]. 
Despite these promising results, several methodological questions regarding the optimal 
quantification of amyloid PET scans in multiple sclerosis remain unexplored. As of today, no 
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investigation has been conducted for determining the optimal acquisition protocols for myelin 
integrity imaging. Instead, all the studies used the same imaging protocols as for amyloid 
plaque imaging in AD. Also, there is no standard for the quantification of myelination 
processes, with most of the studies employing user-dependent methods and/or arbitrary ligand 
uptake cut-point values for defining de- and remyelination. Tracer kinetics in the WM of 
patients with multiple sclerosis need to be carefully explored as well. Partial volume effects 
might severely limit the applicability of this technique, since WM lesions in multiple sclerosis 
tend to be focal and relatively small, which make them prone to spill-in counts from the 
surrounding WM. 
Coming back to the AD field, it is well known, as we have previously seen, that WM 
abnormalities, particularly demyelination, are characteristic features of the AD pathological 
progression. Apart from the already discussed WM lesions that also entail demyelination, 
myelin loss has been consistently observed in both neuropathology and imaging studies of 
AD brains [101-102]. Postmortem analyses of tissue of AD brains has revealed that the WM 
is chemically disrupted, compared with that of CN controls: the amounts of total protein, 
myelin basic protein, myelin proteolipid protein, cyclic nucleotide phosphohydrolase, and 
cholesterol are significantly decreased, clearly indicating a loss of myelin [103]. Moreover, 
demyelination correlated with the amount of amyloid peptides in the WM [103], suggesting a 
potential causal link between soluble amyloid oligomers, the most toxic form of amyloid, and 
demyelination [103]. In line with this hypothesis, a recent study has found that abnormal 
levels of CSF Aβ-42 and soluble amyloid precursor protein were associated with disrupted 
myelin in preclinical AD [104]. Despite the abundant evidence linking AD with myelin and 
amyloid PET tracer retention in the WM with myelin, no previous study has evaluated 
whether this uptake in the WM reflects progression and WM changes across the spectrum of 
AD.  
1.3.3 Episodic memory 
Episodic memory encodes our ability to learn, store, and retrieve information about 
particular personal experiences that occur in our lives. These memories commonly include 
information such as the time and place of an event, or more detailed characteristics of the 
event itself. Episodic memory impairment is one of the cognitive hallmarks of the early stages 
of AD, usually manifesting as an increased forgetting rate. Its neural substrate are the mesial 
temporal lobes, the diencephalon, and the basal forebrain, all of them severely affected by AD 
pathology. From a clinical perspective, standardized neuropsychological tests are commonly 
used to support the diagnosis of MCI or AD dementia and to measure the degree of severity 
of the patient's cognitive impairments [10,18]. They play an important role in the NIA-AA 
research framework for defining the MCI and dementia syndromal categories [17]. 
Commonly used tests for episodic memory include the Wechsler Memory Scale-Revised 
Logical Memory II (delayed recall), Visual Reproductions II (delayed recall), and the 
Auditory Verbal Learning Test (delayed recall) [105-106]. 
In an attempt to stage cognitive symptoms in MCI, the Alzheimer’s Disease 
Neuroimaging Initiative and other studies proposed staging MCI patients into ‘early’ and 
‘late’ substages, on the basis of episodic memory performance [107]. Several previous studies 
have demonstrated differences between these two substages, such as slower progression rates 
to AD dementia [108], different prevalence in the community in comparison to the clinic 
[108-109], and different clinicopathologic features [110-111], which support the idea of a 
sequential evolution between these two groups. However, recent evidence suggests that the 




observed differences might be biased by the high prevalence of false positive MCI diagnoses 
in the early MCI substage [112-113], casting doubt on the usefulness of this staging scheme to 
track the cognitive continuum in prodromal AD. Moreover, it is also unclear whether this 
difference in episodic memory impairment is entirely driven by the amount of conventional 
pathology, i.e., amyloid, tau, and atrophy, or if, on the contrary, the different performance 
might be the reflection of other pathologic mechanisms in AD.  
1.4 WHY WE NEED UNCONVENTIONAL BIOMARKERS 
Based on the amyloid cascade hypothesis and the “Jack curves” [114-115], the AD scientific 
community has assumed over the past decades that the two pathological hallmarks of AD, i.e., 
amyloid plaques and tau neurofibrillary tangles, were the main driving forces in AD. While 
this “amyloid and tau” picture has provided enormous advances in our ability to identify the 
presence of abnormal changes and predict clinical outcomes of patients at every disease stage, 
recent studies suggest that this paradigm may not be sufficient to provide clinically relevant 
predictions. In the largest study to date predicting the memory outcomes of non-demented 
individuals over a median of 4.8 years, the predictive improvement when adding conventional 
imaging biomarkers of amyloid, tau, and neurodegeneration to accessible clinical variables 
was small enough to cast doubt on the usefulness and clinical relevance of these biomarkers 
[16]. This relatively disappointing result adds to the repetitive failures of many anti-amyloid 
immunotherapies and β-secretase inhibitor treatments, which have raised serious doubts about 
the importance of amyloid in AD pathogenesis, in spite of the rich evidence from genetics, 
neuropathology, and biomarker studies.   
The key and early role of amyloid in AD pathogenesis has been supported by several genetic 
and biomarker studies in both familial and sporadic AD. Dominant mutations linked to the 
processing of the amyloid precursor protein lead to amyloid overproduction and cause 
familial AD [116]. Subjects with Down syndrome and APP gene triplication show higher 
amyloid production and develop early-onset dementia [117]. In contrast, other mutations 
known to reduce amyloid production, such as the Icelandic mutation, are associated with 
lower AD dementia risk. Thus, the hypothesis that the overproduction of amyloid or its 
impaired clearance are the triggers of AD pathogenesis has a solid support from genetic 
studies. However, the fact that amyloid is the initial triggering event in the AD pathological 
cascade does not imply that haltering amyloid overproduction would translate into a slowing 
down of disease progression. As noted in [118], amyloid overproduction might need to reach 
a certain threshold to cause harm or just be a simple trigger of other disease processes relevant 
for the clinical progression. Several different pathologic processes are now proposed as 
potential intervention targets, such as soluble amyloid oligomers [32] or neuroinflammatory 
processes [119]. 
It is therefore necessary to identify novel markers of AD-related pathology that will help us 
understand which are the important mechanisms that lead to the differing clinical outcomes 
observed in preclinical AD. This thesis is aimed at contributing to the identification of these 
novel markers of AD pathology, beyond the classical picture of cortical amyloid, tau, and 
neurodegeneration, and to explore their relationships with conventional measures of cortical 





















Preclinical AD progression occurs over a long-time course of many years or even decades. To 
date, current models of preclinical and prodromal AD progression using conventional markers 
of amyloid, tau, and neurodegeneration have provided little to modest improvements to 
already accessible clinical data. Novel markers of AD pathology, more related with clinical 
progression, are needed in to better understand the AD physiopathological features that lead 
to cognitive decline in the earliest stages of AD. The study of non-cortical structures, such as 
the WM, and the added value of cognitive markers to the conventional markers of AD 
pathology will give us a better insight of other relevant pathologic processes in AD. This 
thesis formulates the following specific hypotheses: 
• WMH are one of the earliest pathological features of AD. These WM lesions 
might become detectable even before amyloid does in a PET scan. WMH 
may thus predict future amyloid accumulation among CN elderly without 
evident cortical amyloid burden.  
• WM demyelination is an early pathologic change in AD. Amyloid PET is 
sensitive to demyelination in the WM. Amyloid PET tracer uptake in the WM 
can be used as a marker of myelin integrity and therefore it is associated to 
abnormal CSF biomarkers and AD progression. 
• Episodic memory provides complementary information on AD progression 
stage to conventional markers of amyloid, tau, and neurodegeneration. 
 
2.2 SPECIFIC OBJECTIVES 
The main goal of this thesis is the identification of novel, unconventional markers of AD 
pathology. The specific objectives are summarized in the following bullet-points: 
• To investigate whether WMH are predictive of amyloid accumulation over time 
among CN individuals with no evident cortical amyloidosis as measured with amyloid 
PET.  
• To explore whether demyelination, as measured with amyloid PET, is associated with 
abnormal AD CSF biomarkers and progression. 
• To assess whether episodic memory is a useful marker of disease progression, and if it 
provides complementary prognostic information to conventional cortical markers of 


















Although we have provided the specific methods used for each analysis in Section 4, here we 
summarize general methodological details applicable to all the analyses. 
3.1 THE ALZHEIMER’S DISEASE NEUROIMAGING INITIATIVE 
The Alzheimer's Disease Neuroimaging Initiative (ADNI) is a longitudinal multicenter study 
aimed at developing clinical, imaging, genetic, and biochemical markers for the early 
detection and tracking of AD. This collaborative study combines expertise and funding from 
both private and public sectors to study individuals with mild AD dementia, as well as those 
with MCI and elderly with no signs of cognitive impairment. Researchers at 63 participating 
sites in the US and Canada employ a variety of neuroimaging, biochemical, and genetic 
markers in order to track the pathological progression of AD in the human brain. 
ADNI began in 2004 under the leadership of Dr. Michael W. Weiner, funded as a private-
public partnership with $27 million contributed by 20 companies and two foundations through 
the Foundation for the National Institutes of Health and $40 million from the National 
Institute on Aging. The initial five-year study (ADNI-1) was extended by two years in 2009 
by a Grand Opportunities grant (ADNI-GO), and in 2011 and 2016 by further competitive 
renewals of the ADNI-1 grant (ADNI-2, and ADNI-3, respectively). Details of each phase of 
the study are summarized in Figure 6. 
 
Figure 6 - Summary of the different phases of the ADNI study. 
A characteristic feature of ADNI from its inception was the resolve to make all data generated 
publicly available to researchers worldwide. This open data sharing had no precedent for NIH 
funded projects and required that the Informatics core provided a sophisticated infrastructure 
based at the Laboratory of Neuroimaging, currently at the University of Southern California, 
to allow the storage, curating and sharing of ADNI imaging, biomarker, clinical, and genetic 
data.  
Without ADNI, a major limitation of multicenter studies was the development of standardized 
protocols that would allow the comparison of findings from multiple participating centers and 
scanners. A remarkable collaborative effort led to a set of protocols for PET and MRI, and the 
analysis of CSF biomarkers. These methods have proved crucial beyond the scope of ADNI. 




pharmaceutical companies developing disease modifying therapies for AD and most recently 
AD prevention trials. 
3.2 ADNI PARTICIPANTS  
To date, the ADNI has enrolled more than 1400 participants in the study. These participants 
are categorized in three main diagnostic cohorts, based on their clinical and cognitive status.  
Enrolled participants were between 55 to 90 years old and were required to have a study 
partner in order to provide an external evaluation of functioning. Participants had to be fluent 
in either English or Spanish. All participants had to be willing to undergo all examinations, 
including neuroimaging and longitudinal follow-up studies. Subjects using psychoactive 
medications considered to potentially affect cognitive function were excluded.  
The general inclusion and exclusion criteria for all the cohorts were as follows. All 
participants had to have a Hachinski Ischemic score [120] < 5; permitted medications should 
be stable over at least 4 weeks before screening; a Geriatric Depression Scale [121] score < 6; 
a study partner who spend more than 10 hours per week of contact either in person or on the 
telephone and who could escort the participant to the study clinical visits; visual and auditory 
acuity adequate for neuropsychological testing; good general health with no major diseases 
before enrollment; 6 grades of education or equivalent work history. Women were required to 
be sterile or 2 years past childbearing potential. Participants had to be in good condition so 
that they can complete a 3-year imaging study (2 years for participants with AD dementia). 
Participants allowed DNA extraction for APOE testing and banking, as well as for blood and 
urine examination for biomarkers. Subjects could not have any medical contraindications to 
MRI and could not be enrolled in other trials or studies concurrently. 
Study participants were classified as CN, subjects with MCI, or subjects with mild AD 
dementia. The criteria for the classification of the participants were as follows. Regarding 
subjective memory complaints, the CN subjects were allowed to have memory complaints, 
while participants with MCI and AD dementia both had to have memory complaints. On the 
Mini-Mental State Examination (MMSE) [122], the range for CN and MCI participants was 
24 to 30, while for AD dementia 20 to 26, all inclusive. The Clinical Dementia Rating [123] 
score for CN was 0, for participants with MCI was 0.5 with a requirement of the memory box 
score being at least 0.5, and for subjects with mild AD dementia was 0.5 or 1, with the same 
memory box requirement as in MCI. The memory criterion was determined using the delayed 
recall of 1 paragraph from the Logical Memory II subscale of the Wechsler Memory Scale–
Revised [124], by using the following education-adjusted cut-points: CN: ≥9 for 16 years of 
education, ≥5 for 8 to 15 years of education, and ≥3 for 0 to 7 years of education. For subjects 
with MCI and mild AD dementia, these scores were ≤8 for 16 years of education, ≤4 for 8 to 
15 years of education, and ≤2 for 0 to 7 years of education. Participants with MCI were 
required to keep largely preserved general cognition and functional performance and could 
not qualify by any means for the diagnosis of dementia [10]. Subjects with mild AD had to 
meet the National Institute of Neurological and Communicative Disorders and Stroke–
Alzheimer's Disease and Related Disorders Association criteria for probable AD [9]. All 
subjects had to provide informed consent as compatible with the local participating 
institutions (Institutional Review Board regulations). All the participants provided written 
allowing for public dissemination of their anonymized data. Further details can be found at 
http://adni.loni.usc.edu/methods/documents/. 
 




3.3 CSF ANALYSIS IN ADNI 
CSF was acquired by lumbar puncture and stored at −80°C at the ADNI Biomarker Core 
laboratory at the University of Pennsylvania Medical Center. Aβ42, T-tau, and P-tau were 
measured by using the Elecsys β-Amyloid(1-42) CSF, and the Elecsys Phospho-Tau (181P) 
CSF, and Elecsys Total-Tau CSF immunoassays, according to preliminary kit vendor 
guidelines, as previously described [125]. The analyses were performed in a series of 36 runs, 
with each sample run one time for each of the three marker tests. Acceptance criteria as 
documented by the immunoassay vendor (Roche) was followed for these tests. Each of the 36 
analytic runs was required to pass quality controls that ensure that measurements fulfill ADNI 
standards for precision and accuracy. The analyte measurement range were 200 to 1700 pg/ml 
for Aβ-42, 80 to 1300 pg/ml for Total-Tau, and 8 to 120 pg/ml for Phospho-Tau. Exploratory 
analyses on the values beyond Aβ-42 upper technical bound were performed using an 
extrapolation of the calibration curve. These extrapolated values were used in throughout this 
thesis. A remarkable feature of this kit is the strong correlation showed by Total-Tau and 
Phospho-Tau, which is represented in Figure 7 for 1215 ADNI participants. 
 
Figure 7 - Relation between Total-Tau and Phospho-Tau in the automated array Elecsys. 
3.4 NEUROIMAGING PROTOCOLS IN ADNI 
In the following paragraphs, neuroimaging protocols for the imaging techniques relevant for 
this thesis are summarized.  
3.4.1 MRI 
The ADNI MRI protocol has evolved over the 3 phases of the study. In ADNI1 (2004-
2009), the protocol focused on consistent longitudinal structural imaging on 1.5T scanners 
using both T1- and dual echo T2-weighted sequences. 25% of ADNI1 participants were also 




GO/ADNI2 (2010-2016) was performed at 3T with T1-weighted imaging parameters similar 
to ADNI1. Dual echo T2-weighted scans from ADNI1 were replaced by 2D FLAIR and T2*-
weighted scans in all participating sites. Both fully sampled and accelerated T1-weighted 
scans were acquired in each session. More advanced imaging techniques were included 
depending on scanner manufacturer: diffusion imaging on GE scanners, resting state 
functional MRI on Philips scanners and arterial spin labeling on Siemens scanners. ADNI3 
imaging is currently done exclusively on 3T scanners. Nearly all the imaging sequences from 
ADNI2 have been updated for inclusion in ADNI 3, with a few important exceptions such as 
the protocols for FLAIR imaging. A summary of the acquisitions across the phases can be 
seen in Figure 8.  
 
Figure 8 - Summary of the different MRI acquisitions across the different ADNI phases. 
ADNI1 and ADNI-GO/2 MRI scans were preprocessed by the Mayo Clinic MRI core.  
This preprocessing provided intensity normalized and gradient unwarped TI image volumes 
for all ADNI1 and many ADNI-GO/2 scans. Over the last years, MR vendors started offering 
these corrections online as part of the reconstruction process, so ADNI stopped performing its 
own preprocessing and instead used the pipeline provided by the vendor of the product. 
Consequently, no offline TI image preprocessing is now needed in ADNI3. 
Corrections applied to ADNI1 and ADNI-GO/2 T1 scans include Gradwarp, B1-
correction, and N3. The application of these corrections depends on the manufacturer and 
system RF coil configuration. Philips Systems included a B1 correction with the 
reconstruction software at the time ADNI began. Moreover, Phillips gradients tend to be 
linear, so no gradwarping and no B1 correction was needed for these scanners. More details 
about MRI protocols can be found in http://adni.loni.usc.edu/methods/mri-tool/mri-analysis/.  
3.4.2 Amyloid PET imaging 
Amyloid PET imaging with Florbetapir began with ADNI-GO/2 after the pilot 
experience with PiB. The acquisition protocol consisted of 4 × 5 minute frames acquired at 50 




to 70 minutes after ligand injection. In the following, quality control, standardization, and 
preprocessing are detailed.  
3.4.2.1 Scan quality control 
The quality control procedure consists of visual inspection, which includes the 
following steps: 1) qualitative assessment of head motion, 2) assessment of whether the entire 
brain was covered in the field-of-view, and 2) detection of artifacts arising from spatial 
mismatches between the transmission/CT and emission scans, or from detector and scanner 
normalization problems. Quality controlled scans were then preprocessed by aligning the 5-
min frames to frame 1 employing an affine transformation with 6 degrees of freedom, using 
the NeuroStat “mcoreg” routine. The magnitude of motion between frames for the 
transformation parameters is checked and flagged when quality thresholds are exceeded. 
Correlation and root mean square error parameters are calculated between pairs of frames, 
both prior to and following co-registration. Both correlation and root mean square error 
matrices are inspected for frames that have low correlation values and/or high squared errors. 
Both visual inspection and quantitative measures are used to approve frames.  
3.4.2.2 Scan standardization 
After appropriate co-registration, all frames are averaged into a single “static” frame. 
To standardize averaged PET images, each subject’s baseline averaged-FDG PET scan is 
aligned to the Talairach atlas using the NeuroStat “stereo” routine, in a grid of 160×160×96 
isotropic voxels of 1.5 mm3. This image is called now subject’s “FDG Standard”. The 
baseline averaged-Florbetapir scan is then co-registered to the “FDG Standard” using 
NeuroStat’s “coreg” tool with a mutual-information cost-function. This co-registered scan 
becomes the “AV Standard”. To process every follow-up scan in a similar manner, all frames 
of each follow-up amyloid PET scan are co-registered to the “AV Standard”. Then, the 
individual frames of each scan are averaged. Averaged scans (both baseline and follow-up) 
are then intensity normalized. Florbetapir images are normalized using an atlas-based 
cerebellar gray matter reference region. With this procedure, all individual frames are 
registered using a single interpolation, yet yielding a common space for all the scans of each 
participant. 
There are 20 different scanner models from three vendors in the 57 participating sites 
participating in ADNI-GO/2. Resolutions vary from ~4 to 8 mm. To better compare results 
across different centers, the ADNI PET core measured for each scan the specific in-plane and 
axial smoothing kernels needed to achieve an isotropic resolution of 8 mm. The smoothing 
kernels were calculated by comparing scans of the 3D-Hoffman brain phantom to a digital 
version of the phantom smoothed with an isotropic 8mm Gaussian filter. Each phantom image 
was smoothed using a grid search of in-plane and axial resolutions (0.5 mm increments) and 
then compared to the smoothed digital phantom. The kernel parameters that yielded the 
highest global correlation and lowest root mean squared error compared to the smoothed 
digital phantom was computed for each scan. The median value of each parameter across all 
scans of the same scanner model were chosen as the scanner’s smoothing-kernel parameters. 
These parameters were used to smooth the previously pre-processed image for all scans of 






3.5 NEUROIMAGING ANALYSIS 
In this section, an overview of the neuroimaging tools, including those for MRI and PET, 
used in this thesis is provided in the next paragraphs.  
3.5.1 T1 MRI analysis 
For the analysis of T1 MRI images we used two neuroimaging software packages, 
FreeSurfer [126] and SPM12 [127]. 
3.5.1.1 FreeSurfer 
FreeSurfer is a suite of robust tools that allow automated analyses of relevant 
features in the human brain. Implemented analyses include volumetric segmentation of the 
common macroscopically visible structures, segmentation of hippocampal subfields, inter-
subject registration based on cortical folding patterns, segmentation of white matter fascicles 
in diffusion MRI, parcellation of cortical folding patterns, estimation of architectonic 
boundaries from in vivo data, local mapping of the thickness of cortical gray matter, and the 
construction of surface models of the cerebral cortex.  
For this thesis, FreeSurfer was primarily used for segmentation of subcortical and 
cortical structures.  
• Subcortical segmentation: Subcortical segmentation comprised 5 stages. 
The first stage consists of an affine transformation with MNI305 space 
specifically designed to be robust against pathologic changes and to 
maximize the precision of the resulting segmentation. This is followed by an 
exploratory volumetric labeling. B1 bias field correction is then applied. 
Lastly, a high dimensional nonlinear volumetric registration to the MNI305 
atlas is performed. After this preprocessing, the volume is labeled (see Figure 
9). This volume-based pipeline only depends upon the skull stripping to 
create a mask of the brain in which the labeling of the structures is 
performed. The last stage, labelling the volume, is based on both a subject-
independent probabilistic atlas and subject-specific measured values. The 
subject independent atlas is built using a training set of subjects whose brains 
have been segmented by hand. These labels are mapped into a common space 
MNI305 space so that a voxel-to-voxel correspondence can be established for 
all subjects. At each voxel in space, there exists the label that was assigned to 
each subject and the measured value (or values) for each subject. Three types 
of probability maps are then computed. First, the probability that the voxel 
belongs to each of the labeled structures. Second, the probability, computed 
from the training set, that a given voxel belongs to a label given the 
classification of its neighboring. Third, the probability distribution function 
of the voxel intensity value is estimated as a Gaussian distribution separately 
for each label at each voxel. The classification of each voxel in space is then 
achieved by iteratively finding the segmentation that maximizes the 
probability, estimated using the aforementioned probability maps, of input 
given the prior probabilities from the training set. 





Figure 9 - FreeSurfer subcortical segmentation. 
 
• Cortical parcellation: The surface-based procedure consists of several 
phases. First, the volume is affinely registered with the MNI305 atlas, 
allowing FreeSurfer to set seed points for later stages. The B1 bias field is 
estimated by measuring the variation in the white matter signal. The core of 
the WM is used to estimate the field across the whole volume. WM voxels 
with high likelihood of being WM are chosen based on the same three 
probability maps discussed for the subcortical segmentation. The intensity 
signal at each voxel is then divided by the estimated bias field at that location 
so as to remove the effect of the bias field. Then, the skull is stripped using a 
deformable template model and voxels are labelled as WM or non-WM based 
on intensity signal and neighbor probability maps. Separating planes are 
determined to separate the hemispheres from each other as well as to remove 
the cerebellum and brain stem. The position of the separating planes is 
computed with the expected MNI305 position of the corpus callosum and 
pons, as well as several rule-based algorithms that encode the expected shape 
of these structures. A primary surface is then initialized for each hemisphere 
by tiling the outside of the WM mass for that hemisphere. This initial surface 
is then refined to track the intensity gradients between the white and gray 
matter. This refined WM surface (white surface) is then nudged to follow the 
intensity gradients between the gray matter and CSF, generating the pial 
surface. The white and pial surfaces overlaid on the original T1-weighed 
image are shown in Figure 10. Atlas labelling is achieved following 
essentially the same procedure as with subcortical segmentation, but mapping 
the training set labels to an spherical space and using the curvature in each of 





Figure 10 - Overlaid of both white and pial surfaces, generated by Freesurfer. 
 
3.5.1.2 SPM12 
SPM12 is the latest version of a software package (SPM) that has been designed for 
the analysis of brain imaging data sequences. The sequences can be a series of images from 
different cohorts, or time-series from the same subject. The present release is appropriate for 
the analysis of MRI and PET, among other techniques. SPM12 offers an almost unlimited 
variety of possibilities for the analysis of brain imaging data thanks to multiple available 
toolboxes. The T1 MRI analysis conducted with SPM12 in this thesis is restricted to the 
computation of the total intracranial volume, a variable commonly used to adjust for the 
confounding effect of differing head sizes. To this aim, we used the SPM12 tool “Tissue 
Volumes” [128]. Briefly, CSF, gray, and white matter probability are first generated by 
warping the T1 scan to analogous sets of tissue probability maps obtained after averaging 
segmentation of the IXI dataset http://www.brain-development.org/. These priors are used to 
define a total intracranial volume mask in standard space, and the total intracranial volume is 
then calculated by computing the totals of the modulated warped segmentations within this 
mask. This approach can potentially better model finer spatial detail than the regularized 
spatial registration. Moreover, this method showed to be more accurate than the FreeSurfer 
estimate when compared to manual segmentations [128]. 
3.5.2 FLAIR analysis 
WMH volume were automatically calculated using the Lesion Segmentation Toolbox 
[129] of SPM12. This package determines the three tissue classes of gray matter, WM, and 
CSF from the T1-weighted scan, as done in the calculation of total intracranial volume. Then, 
the FLAIR intensity signal distribution from each tissue class is analyzed to detect extreme 
values, which are regarded as lesion beliefs. Next, conservative lesion beliefs are expanded 
toward liberal lesion beliefs by analyzing neighboring voxels and assigning them to lesions 
under specified criteria. This iterative process stops when no further voxels are assigned to 
lesions. Finally, the likelihood of belonging to WM or gray matter is weighted against the 
likelihood of belonging to lesions, yielding to lesion probability maps. Figure 2 C) shows an 
example of a segmentation of this toolbox.  




3.5.3 Amyloid PET Analysis 
Amyloid PET analysis was carried out using the FreeSurfer routine PETSurfer [130]. 
This pipeline allows, among other utilities, the quantification of mean regional uptake in both 
the aforementioned subcortical and cortical regions of interest derived from the FreeSurfer 
parcellation of the T1 scan. Also, this tool performs several types of partial volume 
corrections for PET data. For this thesis, we used the method known as Symmetric Geometric 
Transfer Matrix method [131]. Briefly, this model assumes that the observed PET signal in a 
voxel can be expressed as a linear combination of the true signals of all the regions of the 
brain: 
𝑦 = 𝑋𝛽 
Where y is a vector with length equal to the number of voxels, X is a matrix of 
coefficients dependent on the scanner point-spread function and the anatomy, and β is the true 
signal we want to estimate. Thus, we only need to compute the matrix X and invert the linear 
system of equations.  
The design matrix X was computed as follows. For each region of interest (ROI), an 
image was created in the PET space where the value in a voxel was the tissue fraction, as 
determined with a high-resolution MRI segmentation provided by Freesurfer [130], for that 
ROI in that voxel. This effectively accounts for the tissue fraction effect. The resulting image 
is sparse, so it is then smoothed by the point spread function of the scanner. The result, 
commonly known as the regional spread function, was then reshaped into a vector that 
becomes the column in X for that ROI. This was repeated for each ROI until X is fully 
defined. 
3.6 ETHICAL ASPECTS AND INFORMED CONSENTS  
All the data used in this thesis has been obtained from the Alzheimer’s Disease Neuroimaging 
Initiative (ADNI), which provides anonymized study data for qualified researchers. All 
subjects had to provide informed consent as compatible with the local participating 
institutions (Institutional Review Board regulations) in ADNI. All the participants provided 
written allowing for public dissemination of their anonymized data. Therefore, no further 
approval of our Institutional Review Board is required for the analyses carried out in this 

















4.1 ASSOCIATION OF WHITE MATTER HYPERINTENSITIES WITH 
SUBTHRESHOLD AMYLOID ACCUMULATION 
WMH, assessed with FLAIR MRI, are common radiological findings in the aging brain [132]. 
Although initially believed to be exclusively associated to small vessel cerebrovascular 
disease, an increasing body of literature suggests that the emergence of WMH is also 
secondary to AD pathologic changes [74,104,133-135]. In this regard, WMH were found to 
be associated with tau burden and neurodegeneration [87,136] in AD, being Wallerian 
degeneration [88] the most likely mechanism for this WM disruption. However, evidence 
from the Dominantly Inherited Alzheimer Network indicate that WMH in posterior areas of 
the brain emerge in tandem with changes in CSF Aβ-42 and p-tau levels [76], suggesting that 
WMH are one of the earliest pathological features of AD and challenging the Wallerian 
degeneration hypothesis. These findings were supported by a recent report showing that 
parietal and frontal WMH were associated with amyloid, but not with tau, among cognitively 
unimpaired elderly [82]. Similar findings were reported in [83]. It is not clear, however, 
whether amyloid-related WMH become detectable before amyloid does in a PET scan. If so, 
WMH might potentially help to identify amyloid “accumulators” with subclinical levels of 
pathology, who might be the optimal candidates for anti-amyloid therapies [137].  
In the present study, we aimed at investigating whether measurable WMH precede PET-
detectable amyloid deposition. For this, we studied the associations between baseline global 
and regional patterns of WMH and amyloid accumulation over time in cognitively normal 
participants with low baseline amyloid in ADNI. 
4.1.1 Specific Methods 
4.1.1.1 Study Design: 
Data were downloaded from the LONI website in February 2019. Only ADNIGO-2 
participants who were CN at baseline and underwent concurrent baseline T1-weighted, 
FLAIR, and amyloid (Florbetapir) PET scans were considered for this study. These 
participants were further classified into high or low amyloid burden using a prespecified cut-
point for the Florbetapir PET SUVR in a cortical summary ROI normalized to whole 
cerebellum (SUVR = 1.11) [58]. This information was made publicly available by the ADNI 
PET core in http://adni.loni.usc.edu/data-samples/access-data/. For the purpose of this study, 
only participants with low amyloid burden (SUVR < 1.11, n = 190) were included. Detailed 
information about the eligibility criteria for the different diagnostic cohorts and imaging 
protocols can be found at http://adni.loni.usc.edu/methods/documents/. 
4.1.1.2 Standard protocol approvals, registrations, and patient consents: 
All participants provided written informed consent approved by the institutional 





4.1.1.3 Magnetic Resonance Imaging: 
MRI was performed at 3T to obtain T1-weighted and FLAIR sequences. T1 scans 
were preprocessed by the ADNI MRI core to correct for image distortion, B1 non-uniformity, 
and residual inhomogeneity, as described previously [138]. FLAIR scans were obtained with 
a spatial resolution of 0.86 × 0.86 × 5 mm³. Additional details of all MRI T1-weighted and 
FLAIR images can be found at http://adni.loni.usc.edu/methods/documents/mri-protocols/.  
4.1.1.4 Amyloid PET 
Florbetapir scans were acquired with a dynamic protocol of 4 frames of 5 minutes 
obtained at 50-70 minutes after injection. Frames were realigned, averaged, resliced to a 
common grid (1.5 mm³), and smoothed to a resolution of 8 mm³, corresponding to the lowest 
scanner resolution in ADNI. Follow-up amyloid PET scans were acquired at approximately 2-
year intervals.  
4.1.1.5 Image Analysis  
4.1.1.5.1 MRI processing 
Preprocessed T1 images were parcellated with FreeSurfer (v6.0) to derive 
cortical regions of interest for PET quantification. We inspected the resulting segmentations 
to ensure that no gross errors occurred. No further manual corrections of the parcellations 
were required. 
Binary WMH maps were obtained using the Lesion Segmentation Toolbox 
(LST) in SPM12 [129,139] using a kappa value of 0.25 and a probability threshold of 1, as 
previously used with ADNI data [140]. We visually inspected and manually edited the WMH 
maps to remove non-WM voxels labelled as WMH (n = 25). 
In order to measure WMH burden in WM lobes, we first filled lesions in the T1 
scan using the LST toolbox [129,139] to avoid incorrect segmentations of WMH as CSF or 
grey matter. Then, filled T1 scans were spatially normalized using SPM12 ‘Normalize’. 
Using the inverse of this transformation, we brought back the Hammersmith atlas [141] to 
patient space and merged the regions that constitute the frontal, temporal, parietal, and 
occipital lobes in this atlas. Since WMH maps are by default generated in coregistration with 
T1 images, WMH voxels lying in these lobar regions were used to compute lobar WMH 
volumes. WMH volumes were normalized to total intracranial volume (TIV), as estimated 
with SPM12 by the ‘Tissue Volumes’ tool [128,142]. 
To conduct WMH voxel-wise analyses, we used the previously derived 
deformation field to normalize WMH maps with nearest neighbor interpolation and voxel size 
1.5 × 1.5 × 1.5 mm³. Binary normalized maps were then smoothed using an isotropic 8 mm 
gaussian filter and re-binarized so that only voxels with a probability > 0.15 of being WMH at 
this resolution were labelled as WMH.  
4.1.1.5.2 Amyloid PET processing 
Preprocessed Florbetapir images were coregistered to the FreeSurfer-parcellated 
T1 image that was closest in time using FreeSurfer’s function mri_coreg. Results were 
visually inspected to ensure a correct coregistration. In a few cases, manual reorientation prior 
to run mri_coreg was necessary to achieve a correct registration. Coregistered images were 
corrected by partial volume effects (PVE) using the Symmetric Geometric Transfer Matrix 
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(SGTM) method [143] as implemented in PETSurfer [144]. Briefly, this pipeline creates a 
high-resolution segmentation of the T1 scan which, apart from the cortical and subcortical 
structures, also includes segmentations of the WM lobes, different CSF compartments, and 
extracerebral tissue. This segmentation is then used to account for the tissue fraction effect 
and to extract mean PET uptake values over these regions of interest. Finally, a linear system 
is solved to correct for spill-in and spill-out counts, yielding the PVE-corrected uptake values. 
A point spread function (PSF) of 8 mm was assumed for all the PET images, as previously 
done with ADNI data [145]. Since this study is focused on amyloid accumulation over time in 
low baseline amyloid participants, PVE correction is essential to avoid the confounding effect 
of spill-in counts from the WM, whose effect is more severe for higher contrasts between grey 
and WM [146-147]. Furthermore, SGTM was previously found to improve longitudinal 
amyloid PET measurements [145].  
PVE-corrected global amyloid burden was calculated using the SUVR in the 
ADNI cortical summary region [58] normalized by the cerebellar grey matter. We did not use 
WM reference regions because of their reported associations with WM abnormalities 
potentially associated with AD [148-149]. Throughout this study, only cerebellar grey matter 
reference regions were used.  
4.1.1.6 Statistical Analysis 
Cross-sectional associations between baseline normalized WMH volumes 
(independent variable) and cortical SUVR (dependent variable) were assessed using linear 
regression, after covariate adjustment by age, sex, and APOE carriage. Linear Mixed models 
with subject-specific intercepts and time slopes were fitted to investigate whether baseline 
WMH were associated with longitudinal change in amyloid burden. We conducted these 
analyses for both the longitudinal SUVR in the ADNI cortical aggregate [58] as well as for 
each of the 19 ROIs (left and right averaged) that comprise this cortical aggregate. The 
models included age, sex, APOE status, baseline (cortical or regional) SUVR, and baseline 
normalized WMH volume, as well as their interaction with continuous time. Inspection of 
model residuals, QQ plots, and fitted vs residuals plots ascertained that no non-linear 
transformation of the variables was required.  
To study the spatial WMH patterns associated with amyloid accrual, we performed 
similar mixed models at the WMH voxel level, replacing baseline normalized WMH volume 
by a binary variable indicating whether that voxel is a WMH (1) or normal appearing WM (0) 
in the normalized and smoothed WMH maps (Section 4.2.5.1). Only voxels with WMH in at 
least 6 participants (minimum number required to run the models) and with a probability of 
being WM > 0.90 were considered for the analysis.  
A False Discovery Rate (FDR) [150] correction of α = 0.05 was used to correct both 
the ROI and voxel-based analyses by multiple comparisons. As a sensitivity analysis, key 
findings were replicated using a more restrictive cut-point for amyloid negativity (5% lower, 
PVE uncorrected SUVR = 1.05). All the analyses were carried out in MATLAB 2017a. 
4.1.2 Findings 
4.1.2.1 Cohort Characteristics 





Table 1 - Demographics and imaging characteristics of the study participants. Results are displayed as 
mean (SD) for age and baseline cortical SUVR, and as median (range) for baseline white matter 
hyperintensity volume. Cortical SUVR change was estimated using both fixed and random effects of a 
linear mixed model with time as the only fixed effect and random intercepts and slopes per subject. 
Abbreviations: SUVR: Standardized uptake value ratio. 
 (n = 190) 
Age, years 73.1 (6.3) 
Females (%) 46.8 
APOE ε4 carriers (%) 20.0 
Baseline white matter  
hyperintensity volume, cm³ 
 
 Global 1.4 (0 to 41.4) 
 Frontal 0.6 (0 to 28.8) 
 Parietal 0.12 (0 to 21.8) 
 Occipital 0.10 (0 to 3.3) 
 Temporal 0.02 (0 to 2.7) 
Baseline cortical SUVR  0.92 (0.13) 
Cortical SUVR change, SUVR/year 0.022 (0.003) 
Number of participants with follow-up 
amyloid PET scans 
 
 N = 0 31 
 N = 1 43 
 N = 2 66 
 N = 3 48 
 N = 4 2 
 
One hundred fifty-nine participants had at least one follow-up amyloid PET scan. 
Median amyloid PET follow-up was 4.4 years, range 1 to 8 years. The rate of cortical SUVR 
annual change, estimated as the fixed effect of a mixed model with time as the only fixed 
effect, was higher with PVE correction (0.022, 95% CI: 0.016 to 0.028, 2.4% compared to 
PVE corrected mean baseline cortical SUVR) than without (0.006, 95% CI: 0.003 to 0.009, 
0.5% compared to PVE uncorrected mean baseline cortical SUVR). Accumulation trajectories 
are depicted in Figure 11. 




Figure 11 - Longitudinal trajectories of amyloid accumulation, as a function of age. The different colors 
are used to represent the number of follow-up amyloid PET scans. The embedded histogram represents 
annual rates of cortical SUVR change, as estimated using both fixed and random effects of a linear mixed 
model with time as the only fixed effect and random intercepts and slopes per subject. Abbreviations: 
SUVR: Standardized Uptake Value Ratio. 
4.1.2.2 Baseline WMH predict amyloid accumulation 
First, we studied the cross-sectional association between baseline cortical SUVR and 
baseline normalized WMH by running separate linear regressions for both global and each 
regional WMH, adjusting by age, sex, and APOE. Although all the WMH coefficients were 
positively associated with baseline cortical SUVR, none of them reached statistical 
significance (Global WMH: β = 0.13, p = 0.08; Frontal WMH: β = 0.24, p = 0.07; Parietal 
WMH: β = 0.23, p = 0.23; Temporal WMH: β = 0.92, p = 0.44; Occipital WMH: β = 0.69, p = 
0.47). Of note, males showed higher cortical SUVR (β = 0.62, p < 0.001 in a model with age, 
sex, and APOE as predictors). 
In the longitudinal analysis, we assessed whether WMH were predictive of amyloid 








Table 2 - Linear mixed model results for the association between baseline WMH normalized volumes and 
amyloid accumulation over time. Results are expressed as standardized β’s of the time interaction 
coefficient of WMH and baseline SUVR. Model 1 included only adjustment by baseline cortical SUVR (SUVR 
~ time*(baseline_SUVR + WMH) + (time|rid) in Wilkinson notation), while Model 2a included age, sex, and 
APOE as well (SUVR ~ time*(baseline_SUVR + WMH + age + sex + APOE) + (time|rid)). Model 2b was the 
same as 2a but was fitted in the subset of participants who were amyloid negative with the more 
restrictive cut-point of PVE uncorrected SUVR = 1.05, in order to perform a sensitivity analysis. 
Abbreviations: WMH: White matter hyperintensities; SUVR: Standardized uptake value ratio. 
 Model 1 Model 2a Model 2b 
WMH predictor β (95% CI) p value β (95% CI) p value β (95% CI) p value 
Global    
 Global WMH × time 0.19 (0.09 to 
0.29) 
< 0.001 0.15 (0.04 to 
0.26) 
0.006 0.19 (0.09 to 
0.28) 
< 0.001 
 Baseline SUVR × time 0.10 (0.04 to 
0.16) 
0.002 0.12 (0.05 to 
0.18) 
< 0.001 0.03 (-0.04 to 
0.10) 
0.40 
Frontal    
 Frontal WMH × time 0.17 (0.08 to 
0.26) 
< 0.001 0.13 (0.04 to 
0.23) 
0.006 0.14 (0.05 to 
0.22) 
0.001 
 Baseline SUVR × time 0.11 (0.05 to 
0.17) 
< 0.001 0.12 (0.06 to 
0.19) 
< 0.001 0.03 (-0.05 to 
0.10) 
0.48 
Parietal    
 Parietal WMH × time 0.23 (0.10 to 
0.37) 
< 0.001 0.20 (0.07 to 
0.33) 
0.003 0.24 (0.10 to 
0.37) 
< 0.001 
 Baseline SUVR × time 0.08 (0.02 to 
0.14) 
0.01 0.11 (0.04 to 
0.17) 
0.001 0.03 (-0.04 to 
0.10) 
0.40 
Occipital    
 Occipital WMH × time 0.03 (-0.06 to 
0.11) 
0.54 -0.004 (-0.08 
to 0.07) 
0.92 0.01(-0.07 to 
0.09) 
0.78 
 Baseline SUVR × time 0.10 (0.03 to 
0.17) 
0.003 0.12 (0.06 to 
0.19) 
< 0.001 0.04 (-0.04 to 
0.11) 
0.36 
Temporal    
 Temporal WMH × 
time 
0.008 (-0.09 to 
0.10) 
0.88 -0.03 (-0.13 to 
0.06) 
0.49 0.08 (-0.05 to 
0.22) 
0.21 
 Baseline SUVR × time 0.10 (0.03 to 
0.17) 
0.003 0.13 (0.06 to 
0.19) 




 Apart from the significant effect of baseline cortical SUVR, higher global, frontal, 
and parietal WMH burden was significantly associated with faster rates of global amyloid 
accumulation, with and without adjustment by demographic covariates (Table 2, Model 1 and 
2a). These significant relationships can be further visualized in Figure 12. Remarkably, after 
repeating the adjusted analysis with a more restrictive cut-point (n = 120), the association 
with baseline cortical SUVR disappeared but the association with WMH remained almost 
unchanged (Table 2, Model 2b).  




Figure 12 - A) Relationship between change in cortical SUVR and baseline WMH. Change in cortical SUVR 
was estimated using both fixed and random effects of a linear mixed model with time and baseline SUVR as 
fixed effects, and random intercepts and slopes per subject. Dashed lines represent robust bisquare linear 
regression fits. 95% CI for the slopes of these fits were computed using 5000-iteration bootstrap. B) 
Amyloid accumulation trajectories over time for subjects with high and low WMH burden. High (Low) WMH 
burden participants were defined as those above (below) the 85th percentile normalized WMH volume. 
Trajectories were estimated with linear mixed models adjusted by age, sex, APOE, and baseline SUVR, 
evaluated for a 75-year-old male without APOE ε4 allele and at mean covariate values. 
4.1.2.3 Spatial patterns of WMH associated to amyloid accumulation 
Here, we aimed at looking with better detail the WMH spatial patterns related to 
amyloid accumulation. We conducted linear mixed models at the WMH voxel level, as 
detailed in Sections 4.1.2.5.1 and 4.1.2.6, adjusted by age, sex, and APOE. Figure 13 shows 
both the frequency of WMH lesions (Figure 3 A)) and the spatial pattern of WMH associated 
with amyloid accumulation (Figure 3 B)). These WMH clusters spanned parietal and frontal 
lobes, confirming the analyses at the ROI level. Compared to the areas of maximum WMH 
frequency (Figure 3 A)), amyloid accumulation related-WMH displayed a more superior 





Figure 13 - Top Row: Spatial frequency of WMH in the study participants.  Middle Row: Spatial distribution 
of WMH (in red) associated with faster amyloid accumulation, for the same axial slices as on top row. 
Bottom Row: 3D rendering of the spatial WMH pattern (in red) of middle row. WMH maps associated with 
amyloid accumulation were obtained using linear mixed models at the WMH-voxel level. Because for a 
significant proportion of voxels data was not enough to estimate random slopes, the model included only a 
random intercept per subject. 
4.1.2.4 Regional distribution of WMH-related amyloid accumulation 
Here, we explored which cortical areas within the ADNI cortical aggregate [58] 
drive the previously observed faster accumulation. For this, we fit separate linear mixed 
models with for each regional SUVR (response variable) and each of the previously found 
significant regional WMH (global, frontal, and parietal, independent variable) adjusted by 
baseline regional SUVR and demographics as described in Section 4.1.2.6. Figure 14 shows 
the cortical areas in which a faster accumulation was significantly associated with higher 
WMH burden. Global and parietal WMH displayed a similar pattern of accumulation, 
involving mainly frontal, parietal, and, to a lesser extent, cingulate areas. Fewer regions 
survived multiple comparisons correction for frontal WMH, that also involve frontal, parietal, 
and cingulate regions. Figure 15 shows the effect size of each WMH predictor on each 
cortical ROI. 




Figure 14 - Cortical regions in which amyloid accumulation is significantly (after FDR correction) associated 
to higher A) global WMH, B) frontal WMH, and C) parietal WMH. Linear mixed models with regional cortical 
SUVR as response variable, adjusted by demographics and baseline SUVR, were used. p-values 
(uncorrected) are expressed as natural log(p-value). Regions: A) Pars Triangularis, Caudal Middle Frontal, 
Inferior Parietal, Precuneus, Posterior Cingulate, Isthmus Cingulate, Superior Frontal, Medial 
Orbitofrontal, Caudal Anterior Cingulate, Pars Opercularis, Supramarginal. B) Pars Triangularis, Inferior 
Parietal, Caudal Middle Frontal, Posterior Cingulate. C) Caudal Middle Frontal, Inferior Parietal, 
Precuneus, Medial Orbitofrontal, Posterior Cingulate, Superior Parietal, Pars Triangularis, Superior 





Figure 15 - Effect size (standardized β) of each WMH predictor on each of the 19 regions comprising the 
cortical aggregate used in this study. Standardized β’s represent the number of SD that vary in the SUVR of 
each region of interest with 1 SD variation in WMH, per year. Abbreviations: WMH: White matter 
hyperintensities.  
4.1.3 Discussion 
The present study investigated whether WM lesions, assessed as WMH with FLAIR 
MRI, were associated with faster rates of amyloid accumulation, as measured with amyloid 
PET, among cognitively normal elderly with low baseline cortical amyloid. Our findings 
suggest that a characteristic spatial pattern of WMH, spanning superior areas of the frontal 
and parietal lobes, is predictive of future amyloid accrual, independently of continuous levels 
of subthreshold cortical pathology. This accumulation occurred in cortical regions previously 
identified as regions of early accumulation in AD [59,151-153], suggesting that the observed 
faster accumulation is not driven by processes other than early AD pathology. To the best of 
our knowledge, this is the first study in which an imaging biomarker is identified as a 
predictor of amyloid accumulation in amyloid-negative cognitively normal individuals.   
Our findings are consistent with prior reports analyzing simultaneously the role of 
amyloid and tau in the emergence of WM lesions. The tau-independent relationship between 
WMH and amyloid, particularly with parietal WMH, was found in cross-sectional studies of 
asymptomatic familial AD [76] and in two recent reports in cognitively unimpaired elderly 
[82-83]. Here, we add to these previous findings by observing that a similar pattern of WMH 
is detectable at subclinical levels of amyloid pathology, partially supporting the hypothesis 
that WM lesions are secondary to amyloid deposition. Although the link between early 
amyloid deposition and WM damage is still not clear, several potential mechanisms such as 
oligodendrocyte disfunction and demyelination induced by amyloid oligomers [103], as well 
as axonal degeneration secondary to amyloid-related microglial activation [84,155], might 
explain this relationship. However, the findings of the present study do not exclude the 
possibility that the observed WMH patterns had a vascular disease etiology, with a causal or 
interactive link between cerebrovascular pathology and amyloid deposition, as suggested in a 
previous study [85]. More neuropathological and imaging studies are warranted to fully 
understand the relationship between early amyloid accumulation, WM disease, and vascular 
pathology. 
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The relationship between amyloid and WMH burden in preclinical AD has been explored 
before, but findings were often conflicting. Apart from the three large studies mentioned 
above that controlled for the influence of tau [76,82-83], other previous smaller studies have 
investigated how WMH relate to amyloid using both amyloid PET and CSF. Apparently, the 
rate of positive findings is significantly higher in CSF studies than when using amyloid PET. 
According to a review paper [156], only 2 out of 13 studies reported a positive correlation 
between amyloid and WMH burden, in contrast to the multiple CSF studies that found a 
positive association [157-161]. Potential explanations include the non-regional assessment of 
WMH, small sample sizes, the higher sensitivity of CSF to early amyloid pathology [162], 
and the fact that, as we have shown, amyloid-related WMH might be elevated at subthreshold 
levels. In this regard, our results also emphasize the need of redefining current amyloid PET 
cut-points to capture early amyloid pathology, as other studies have pointed out [59].  
Apart from WMH measured with FLAIR, other studies using diffusion tensor imaging 
(DTI) in WM reported changes associated with amyloid burden on different DTI metrics 
[163]. As with WMH, results are conflicting [163-164], probably for the reasons previously 
discussed. Particularly interesting is a study in which a DTI measure of myelin integrity was 
found to be related to levels of CSF Aβ-42 [104], supporting the hypothesis of amyloid-
related oligodendrocyte disfunction. Future studies will assess how white matter integrity and 
myelin relate with longitudinal amyloid accumulation in amyloid-negative elderly.  
The fact that a regional distribution of WMH might be predictive of amyloid deposition 
among amyloid-negative elderly has important implications for anti-amyloid clinical trials, 
since the majority of efforts shift now towards the prevention of amyloid pathology, even in 
subjects on the AD pathway but with very mild amyloid burden, the so-called amyloid 
“accumulators” [137]. Recent evidence suggests that “accumulators” experience faster rates 
of cognitive decline [165-166] and disrupted brain connectivity [151], highlighting the 
clinical relevance of early amyloid accumulation. Beyond the scope of this study is the 
relative importance of WMH and amyloid accumulation in cognitive decline among these 
participants, which might be informative for the identification of novel therapeutic targets on 
WM. Further studies with longer follow-up times are needed to assess how useful are these 
WMH patterns to identify “accumulators” and to predict clinically relevant outcomes.  
This study has several strengths. First, our cohort of cognitively normal elderly with low 
baseline amyloid was relatively large. Second, the number of repeated amyloid PET scans, 
with most of the participants having 2 or more follow-up scans, and the length of the follow-
up, with a median time of 4.4 years and examinations up to 8 years. Third, the use of partial 
volume correction, which improved the sensitivity to detect changes without the use of WM 
reference regions, whose uptake varies with WM pathology [148-149]. This work also had 
some limitations: 1) ADNI inclusion criteria requires participants relatively free of 
cerebrovascular pathology and therefore WMH burden, which might compromise the 
generalizability of our findings in a community cohort. However, similar WMH patterns to 
those found in this study were also detected in the community cohort of the Mayo Clinic 
Study of Aging [82], suggesting that despite confounding pathology the patterns may be 
detectable. 2) We could not assess how the longitudinal change in WMH relate to amyloid 
accumulation since the FLAIR protocol changed at the end of ADNI2, from 2D axial FLAIR 
to high-resolution 3D FLAIR. Without a harmonization method, mixing these two protocols, 
particularly in a longitudinal study, might lead to incorrect inferences. 3) The prespecified 
cut-point we used to select amyloid-negative participants was derived without PVE correction 




negative individuals. However, the sensitivity analyses we conducted and the adjustment by 
baseline uptake levels suggests that our findings are robust against these limitations. 
In conclusion, we provided further evidence supporting WMH as one of the earliest 
pathological features in AD progression. A specific spatial pattern of WMH was found to be 
predictive of future amyloid accumulation among cognitively normal older individuals with 
no evidence of amyloid pathology in amyloid PET. The spatial assessment of WMH may 
potentially allow the identification of subjects with amyloid burden levels beyond PET 
detectability limits. 
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4.2 ASSOCIATION BETWEEN AMYLOID PET TRACER UPTAKE IN WHITE 
MATTER AND ALZHEIMER DISEASE PROGRESSION 
Over the past decades, AD has been conceptualized as a grey matter pathology defined by the 
abnormal accumulation of neuritic plaques and neurofibrillary tangles [17]. Nevertheless, 
accumulating evidence suggests that WM abnormalities may play an important role in the 
pathogenesis and progression of AD [74,76,102-103,132,167-170], although the putative 
effects with AD pathological hallmarks, particularly amyloid, remain unclear [156,164,171]. 
The fact that both normal aging and vascular disease independently contribute to WM lesion 
burden [172] complicates the measurement of AD-related WM changes in the elderly, 
exposing the need for novel, more specific, markers of WM degeneration.  
Supported by recent investigations in Multiple Sclerosis, amyloid PET imaging has been 
postulated as a potential marker of WM degeneration [94,96-97,99-100,173]. Although the 
binding mechanism is not fully understood, it has been suggested that amyloid tracers might 
bind to the beta-sheet structure of the myelin protein, thus reflecting myelin integrity [53] 
even in normal appearing WM [98, 148]. Despite the aforementioned evidence, the 
association of demyelination reflected by amyloid PET with AD progression has yet to be 
investigated.  
In this study, we hypothesized that low amyloid PET uptake in the WM reflects 
demyelination and that this pathologic change is associated with AD progression. To test our 
hypotheses, we examined the associations of Florbetapir uptake in cerebral WM with AD 
biomarkers and cognition, as well as with their longitudinal change. Additionally, we also 
explored the associations of brainstem uptake with the aforementioned AD markers to explore 
whether WM pathology extends to regions far from the cerebral cortex. 
4.2.1 Specific Methods 
4.2.1.1 Study Design:  
Only ADNI participants who underwent concurrent clinical, MRI T1-weighted and 
FLAIR, amyloid PET, and CSF examinations were considered in this study. ADNI diagnostic 
cohorts included CN, MCI, and mild AD dementia subjects aged 55 to 95. Detailed 
information about the eligibility criteria for the different diagnostic cohorts can be found at 
http://adni.loni.usc.edu/methods/documents/.  
4.2.1.2 Standard protocol approvals, registrations, and patient consents: 
All participants provided written informed consent approved by the institutional 
review board of each ADNI participating institution. 
4.2.1.3 MRI:  
All subjects were scanned in 3T devices and had T1-weighted and FLAIR sequences. 
Quality-controlled Freesurfer [126] volumetric measurements of the hippocampus were made 
publicly available by researchers at the University of California, San Francisco (UCSF). 
UCSF researchers also provided FLAIR-derived volumetric measurements of total WMH 
burden. All the participants are scheduled to undergo at least one annual MRI follow-up visit. 





4.2.1.4 Amyloid PET 
18F-Florbetapir PET scans were acquired 50 to 70 minutes post-injection and post-
processed following the ADNI pipeline (http://adni.loni.usc.edu/methods/pet-analysis-
method/pet-analysis/). Regional quantification of Florbetapir uptake was performed by 
investigators at the University of California, Berkeley. Cortical amyloid status (A+ or A-) was 
determined using the ADNI cortical aggregate [58] and a previously published cut-point of 
SUVR = 1.11 using the whole cerebellum as the reference region [174]. For the analyses 
carried out here, we used the SUVR normalized to cerebellar grey matter of the ADNI cortical 
aggregate. To evaluate Florbetapir uptake in cerebral WM, we used the SUVR normalized to 
cerebellar grey matter in an ADNI-defined volume of interest encoded as eroded WM 
(ErWM) [175], in which border regions were removed to avoid partial volume effects. In 
addition to the ErWM, we also evaluated the SUVR in the brainstem (again, normalized to 
cerebellar grey matter). To exclude any potential partial volume effect due to the size of the 
brainstem, a partial volume corrected version of all the analyses involving the brainstem was 
provided in Appendix 1.  
4.2.1.5 CSF: 
CSF levels of Aβ1-42 (Aβ-42) and phosphorylated tau181 (p-tau) were provided by 
the Center of Neurodegenerative Disease Research, University of Pennsylvania, for ADNI. 
We downloaded the measurements from the fully automated Roche Elecsys 
electrochemiluminescence immunoassay batch. Aβ-42 levels above precision limits (1700 
pg/cc) were estimated using extrapolation and included in all the analyses. Total tau was not 
included due to its high correlation with p-tau, leading to almost identical results. A detailed 
description of the CSF procedures can be found at http://adni.loni.usc.edu/methods/. 
4.2.1.6 Clinical assessments:  
Global cognitive performance was assessed with the MMSE at baseline and with the 
Alzheimer’s Disease Assessment Scale—Cognitive 13-Item (ADAS-Cog-13) [176] and the 
Clinical Dementia Rating—Sum of Boxes (CDR-SB) [123] at baseline and in subsequent 
follow-up visits. Changes in clinical diagnosis at follow-up were determined by a consensus 
Committee. All the participants are scheduled to undergo annual follow-up cognitive 
evaluations. Further details can be found at http://adni.loni.usc.edu/methods/. 
4.2.1.7 Cut-point definition for ErWM and brainstem SUVRs 
In order to operationalize the use of the ErWM and brainstem uptake as biomarkers, 
we defined binary categories of Normal/Abnormal WM or brainstem. Cut-points were 
established using the 10th percentile (90% sensitivity) of the distribution of the cortical 
SUVR-adjusted ErWM or brainstem SUVRs among A+ AD dementia patients [177]. To 
adjust by cortical SUVR, we fitted a linear regression between Eroded WM or brainstem 
SUVR, and cortical SUVR in A+ AD patients. Adjusted measures were obtained by 
subtracting ErWM or brainstem SUVR to the outputs of the linear regression.  We adjusted by 
cortical SUVR because of its known positive correlation with WM uptake [178]. This 
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4.2.1.8 Statistical Analysis 
Kruskal-Wallis tests were used to evaluate differences in demographic continuous 
variables among the different diagnostic cohorts and amyloid status. Binary variables were 
compared using the χ2 test. Correlations were assessed using age-adjusted partial correlations.  
To evaluate how demographic factors, cortical SUVR, and WMH influence ErWM 
and brainstem SUVRs, we fit separate general linear models for the latter variables (ErWM 
and brainstem SUVRs), inputted as continuous dependent variables, while the former factors 
are included as independent predictors.   
Linear models were also fit for each diagnostic cohort and amyloid status (A- and 
A+) to evaluate cross-sectional associations of ErWM and brainstem SUVRs with CSF 
biomarkers, hippocampal volume, and cognition. Here, AD biomarkers and cognition act as 
dependent variables, while ErWM and brainstem SUVRs are inputted as continuous 
independent predictors in separate models. We adjusted by demographic factors, cortical 
SUVR, and WMH (and baseline MMSE and years of education for cognition). We included 
cortical SUVR and WMH as covariates because of their potential associations with AD 
progression [73,178-180] and WM SUVR [148-149]. CSF levels were log-transformed to 
reduce skewness of residuals. A- AD dementia was not evaluated due to the low number of 
subjects (13).  
To evaluate the associations between baseline ErWM and brainstem SUVRs, and 
subsequent disease progression, we fitted separate linear-mixed effects models with a subject-
specific random intercept. All the models were adjusted by the same factors used in the cross-
sectional analysis, as well as by their interaction with time.  
We explored a potential interaction effect with amyloid by merging A- and A+ 
subjects for each diagnostic cohort and evaluating a Cortical SUVR×ErWM SUVR or a 
Cortical SUVR×brainstem SUVR (and interaction with time in linear mixed models) 
interaction term for all the above linear models.  
Cox regression, adjusted by the same covariates included in cognition models, was 
used to test the relation between ErWM and brainstem SUVRs with risk of progression from 
MCI to dementia.  
Longitudinal and time-to-event relationships in A+ subjects were further 
demonstrated by replacing continuous WM and brainstem SUVRs by Normal/Abnormal WM 
or brainstem markers, as defined in Section 4.2.1.7.  
A 2-tailed P < .05 was considered significant. The Statistics and Machine Learning 
Toolbox™ from MATLAB (R2017a) (https://es.mathworks.com/help/pdf_doc/stats/stats.pdf) 
was used for all the analyses. 
4.2.2 Findings 
4.2.2.1 Cohort Characteristics 
Demographic characteristics and biomarker levels of the study participants are 
summarized in Table 3, according to diagnostic category and amyloid status. A- MCI subjects 
were significantly younger than the remaining cohorts (P < .01), except for A- CN. A- CN 
were more educated than A+ MCI and A+ AD dementia patients (P < .05). The percentage of 
APOE ε4 carriers was higher for A+ (P < .01 in all the diagnostic cohorts) and higher for 




significantly higher than in the rest of the cohorts (P < .01). Cognition and AD biomarkers 
followed the expected trends. WMH volume was significantly lower in A- CN and A- MCI 
than in A+ participants (P < .05). Median follow-up times for each longitudinal outcome are 
reported in Table 4. 
Table 3 - Demographic and biomarker characteristics of study participants, according to clinical diagnosis 
and amyloid status. Abbreviations: CN, cognitively normal; MCI, mild cognitive impairment; AD, 
Alzheimer’s disease; A+, positive cortical amyloid status (SUVR > 1.11); A-, negative cortical amyloid 
status (SUVR < 1.11); MMSE, mini mental state examination; ADAS-Cog-13, Alzheimer’s Disease Assessment 
Scale – Cognitive 13-Item; CDR-SB, clinical dementia rating sum of boxes; CSF, cerebrospinal fluid; Aβ42, 
amyloid beta 42 peptide; p-tau, hyperphosphorylated tau 181; WMH, white matter hyperintensity. 
 Clinical 
Diagnosis 
CN MCI AD dementia 
  A-  
(n = 143) 
A+ 
(n = 73) 
A-  
(n = 182) 
A+ 
(n = 230) 
A-  
(n = 13) 
A+ 
(n = 104) 
Characteristic        
Age,y   72 (6) 75 (6) 70 (8) 73 (7) 78 (8) 74 (8) 
Women, %  45 68 46 43 8 44 
ε4 carriers, %  19 47 26 66 8 76 
Education, y  17 (2) 16 (3) 16 (2) 16 (3) 16 (2) 16 (3) 
MMSE  29.0 (1.3) 29.0 (1.0) 28.6 (1.4) 27.6 (1.8) 23.4 (2.1) 23.0 (2.0) 
ADAS-Cog-13  8.5 (4.3) 9.4 (4.2) 12.3 (5.4) 
(missing = 1) 
17.1 (6.9) 26.7 (7.0) 31.4 (8.3) 
(missing = 3) 
CDR-SB  0.0 (0.1) 0.1 (0.2) 1.2 (0.7) 1.6 (1.0) 4.3 (2.0)  4.6 (1.6) 
CSF Aβ42, pg/cc  1612 (566) 999 (581) 1477 (572) 763 (309) 1532 (922) 608 (212) 
CSF p-tau, pg/cc  19 (6) 27 (11) 18 (7) 33 (15) 30 (18) 39 (16) 
Hippocampal 
Volume, cm³ 
 3.8 (0.5) 3.6 (0.4) 3.6 (0.6) 3.4 (0.5) 2.9 (0.6) 3.0 (0.5) 
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  A- A+ A- A+ 
Outcome      
Adas-Cog-13 follow-up time  53.5 (21.1) 49.6 (24.0) 52.8 (26.1) 44.3 (24.0) 
CDR-SB follow-up time  55.0 (21.0) 49.9 (24.6) 52.9 (26.1) 46.5 (24.6) 
WMH follow-up time  28.4 (18.0) 25.3 (18.0) 29.9 (19.3) 25.6 (19.9) 
Hippocampus follow-up time  25.5 (13.0) 23.2 (13.8) 28.1 (13.8) 25.7 (12.5) 
 
4.2.2.2 Associations of ErWM and brainstem SUVRs with demographic factors, 
cortical SUVR, and WMH 
Figure 16 A) shows that both the relation of ErWM and brainstem SUVRs with 
cortical SUVR was dependent on cortical SUVR and on amyloid status. On the one hand, 
partial correlations adjusted by age showed that both ErWM and brainstem SUVRs were 
positively correlated with cortical SUVR in A- and A+ subjects (Figure 16 A), P < .001 for all 
the correlations). On the other hand, in order to assess the effect of amyloid status, we fit a 
multivariable model including age, sex, APOE ε4 carriage, WMH, cortical SUVR, amyloid 
status, and an interaction between amyloid status and cortical SUVR. Both the interaction (β 
= -1.43 for ErWM and β = -1.78 for brainstem, P < .001) and the amyloid status (A+ had 
lower SUVRs, β = -1.9 and β = -2.4, P < .001) terms were significantly associated with 
ErWM and brainstem SUVRs, indicating that the presence of cortical plaques results in a 
global reduction of uptake in the WM and the brainstem, independent of the increase driven 





Figure 16 - Dependence of ErWM and brainstem SUVR with cortical SUVR and clinical symptoms. A) 
Dependence of ErWM and brainstem SUVRs with cortical SUVR. B) Boxplots of ErWM and brainstem SUVRs, 
for each diagnostic cohort and amyloid status. C) Mean image in MNI space of A+ CN, A+ MCI, and A+ AD 
dementia participants, depicting WM and brainstem uptake. Abbreviations: A, amyloid status; CN, 
cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer’s Disease dementia; WM, white matter; 
SUVR, standardized uptake value ratio; r, age-adjusted Pearson correlation coefficient. 
Significant associations were also found for age (β = 0.05 and β = 0.08, P < .05), 
WMH (β = -0.13 and β = -0.14, P < .001), and APOE carriage (APOE carriers showed lower 
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SUVR, β = -0.24 and β = -0.24, P < .001). Sex was also associated with brainstem SUVR 
(males had higher SUVR, β = 0.33, P < .001), but not with ErWM SUVR (P = .59). The 
correlation between ErWM and brainstem SUVRs was high for both A- (r = 0.78, P < .001) 
and A+ (r = 0.75, P < .001).   
4.2.2.3 Associations of ErWM and brainstem SUVRs with clinical diagnosis 
Given the steep dependence of ErWM and brainstem SUVRs on amyloid status, we 
investigated the associations between these variables and clinical diagnosis for A- and A+ 
participants separately. Figures 16 B) and 16 C) show ErWM and brainstem SUVRs across 
diagnostic cohorts and amyloid status. For A+ participants, MCI had lower ErWM and 
brainstem SUVRs than CN (β = -0.62 for ErWM and β = -0.63 for brainstem, P < .001) and 
higher than AD dementia subjects (β = 0.30 and β = 0.55, P < .001). No significant 
differences were found across A- participants.  
4.2.2.4 Associations of ErWM and brainstem SUVRs with AD biomarkers and 
cognition 
Figure 17 A) shows that both low ErWM and brainstem SUVRs were significantly 
associated with low CSF Aβ-42 levels for all the diagnostic cohorts and amyloid statuses. 
Additional linear models including an interaction between cortical SUVR and WM or 
brainstem SUVRs revealed a significant interaction in CN (β = 0.08, P = .004 for WM and β 
= 0.07, P = .06 for brainstem), indicating that decreases in WM and brainstem uptake were 
associated with stronger decreases in CSF Aβ-42 if cortical SUVR is high.  
 
Figure 17 - Linear models relating ErWM and brainstem SUVRs with CSF biomarkers. A) CSF Aβ-42 and B) 
with CSF p-tau. Results are presented for each diagnostic cohort and amyloid status. Linear models are 
represented assuming a 75 years old female with one APOE ε4 allele, at mean covariate values. Shaded 
areas represent 95% confidence intervals. Abbreviations: A, amyloid status; CN, cognitively normal; MCI, 
mild cognitive impairment; AD, Alzheimer’s Disease; WM, white matter; CSF, cerebrospinal fluid; SUVR, 




Figure 17 B) shows that low ErWM SUVR was associated with high CSF p-tau only 
in A+ MCI; low brainstem SUVR correlated with high CSF p-tau in A- and A+ MCI. 
Interaction analysis showed that, in MCI, ErWM decreases were associated with stronger 
increases in p-tau levels if cortical SUVR is high (β = -0.08, P = .005). Low brainstem SUVR 
was associated with low Hippocampus volume only in A+ MCI (β = 0.15, P = .03).  
Regarding cognition, only A+ MCI subjects showed a significant association 
between low ErWM and brainstem SUVRs, and high ADAS-Cog-13 (β = -0.22, P = .02 for 
ErWM and β = -0.19, P = .004 for brainstem) and CDR-SB (β = -0.33, P = .002 and β = -0.25, 
P < .001). No further significant associations with AD biomarkers or cognition were found. 
4.2.2.5 Associations of ErWM and brainstem SUVRs with longitudinal change in 
cognition, WMH, and hippocampus volume 
Table 5 summarizes the longitudinal associations of ErWM and brainstem SUVRs 
with longitudinal change in cognition, WMH, and hippocampus volume. Low baseline ErWM 
and brainstem SUVRs were significantly associated with faster cognitive decline in A+ CN 
and A+ MCI, but not among A- individuals. Interaction analyses showed that the effects of 
both low ErWM and low brainstem SUVRs on longitudinal cognition were stronger if cortical 
SUVR was high in CN (ADAS-Cog-13: unstandardized β, b = -2.8 pts/y/SUVR², P < .001 for 
ErWM and b = -4 pts/y/SUVR², P = .006 for brainstem; CDR-SB: b = -0.24, pts/y/SUVR², P 
= .04 and b = -0.48 pts/ y/SUVR², P = .04) and MCI (ADAS-Cog-13: b = -2.2 pts/y/SUVR², P 
= .004 and b = -5.4 pts/y/SUVR², P < .001; CDR-SB: b = -0.66, pts/y/SUVR², P = .001 and b 
= -2.04 pts/ y/SUVR², P < .001). Similarly, low baseline ErWM SUVR predicted increased 
WMH burden in A+ CN, A+ MCI, and A- MCI, while low brainstem SUVR did only in A+ 
CN and A+ MCI. Rates of WMH change were higher for A+ CN compared to A+ MCI. The 
effect of low WM or brainstem SUVRs in longitudinal WMH burden was higher for high 
cortical SUVR, as demonstrated by interaction analysis in CN (b = -1.3 cm³/y/SUVR², P = .01 
and b = -2.4 cm³/y/SUVR², P = .03, respectively) and MCI (b = -1.9 cm³/y/SUVR², P = .006 
and b = -3.3 cm³/y/SUVR², P = .003). Low longitudinal hippocampus volumes were 
associated with low baseline ErWM SUVR in A+ CN, A+ MCI, and A- MCI, and with low 
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Table 5 - Longitudinal associations of ErWM and brainstem SUVRs, for different outcomes. ADAS-Cog-13 
and CDR-SB Unstandardized β were reported in pts/y/SUVR, WMH in cm³/y/SUVR, and Hippocampus Volume 
in mm³/y/SUVR. To avoid circularity, only follow-up visits were included in the WMH models. 
Abbreviations: WM, white matter; Unstandardized β, non-standardized coefficient of the interaction term 
with time; CI, confidence interval; ADAS-Cog-13, Alzheimer’s Disease Assessment Scale – Cognitive 13-
Item; CDR-SB, clinical dementia rating sum of boxes; WMH, white matter hyperintensity; A, amyloid status; 
CN, cognitively normal; MCI, mild cognitive impairment. 
  ErWM Brainstem 
Outcome Cohort Unstandardized β 
(95% CI) 
P value Unstandardized β 
(95% CI) 
P value 
ADAS-Cog-13 A- CN -0.07 (-1.40 to 1.26) .92 0.62 (-0.56 to 1.80) .30 
A+ CN -1.86 (-3.15 to -0.57) .005 -2.10 (-3.97 to -0.23) .03 
A - MCI 0.33 (-0.87 to 1.53) .59 0.11 (-0.91 to 1.12) .83 
A + MCI -3.41 (-4.65 to -2.13) < .001 -4.21 (-5.48 to -2.94) < .001 
CDR-SB A- CN -0.11 (-0.33 to 0.11) .32 -0.14 (-0.34 to 0.06) .17 
A+ CN -0.40 (-0.59 to -0.21) < .001 -0.36 (-0.64 to -0.09) .01 
A - MCI -0.18 (-0.47 to 0.10) .20 0.20 (-0.04 to 0.44) .10 
A + MCI -1.55 (-1.90 to -1.20) < .001 -1.81 (-2.16 to -1.46) < .001 
WMH volume A- CN -0.96 (-2.20 to 0.29) .13 -1.16 (-2.36 to 0.05) .06 
A+ CN -1.84 (-3.09 to -0.59) .004 -1.66 (-3.30 to -0.03) .04 
A - MCI -2.08 (-3.12 to -1.04) < .001 -0.58 (-1.50 to 0.33) .21 
A + MCI -1.39 (-2.21 to -0.58) < .001 -1.24 (-2.09 to -0.39) .004 
Hippocampus 
volume 
A- CN 66 (-56 to 188) .29 34 (-75 to 142) .54 
A+ CN 99 (2 to 196) .04 28 (-93 to 150) .64 
A - MCI 103 (28 to 179) .007 40 (-23 to 104) .21 
A + MCI 61 (8 to 114) .02 99 (45 to 153) < .001 
 
Figure 18 further demonstrates the previous longitudinal relations after replacing 
continuous ErWM and brainstem SUVRs by Normal/Abnormal WM and brainstem 
categories, as defined in Section 4.2.1.7. The proportion of subjects with abnormal WM or 
brainstem marker was significantly lower in A+ CN than in A+ MCI (30% vs. 66%, P < .001 









Figure 18 - Linear mixed models representing the longitudinal trajectories of A+ CN and A+ MCI. See text 
for the definition of normal/abnormal WM and brainstem uptake. To avoid circularity, only follow-up visits 
were included in the WMH models. Time represents the time from amyloid PET. Shaded areas represent 
95% confidence intervals. Abbreviations: WM, white matter; A, amyloid status; CN, cognitively normal; 
MCI, mild cognitive impairment; ADAS-Cog-13, Alzheimer’s Disease Assessment Scale – Cognitive 13-Item; 
CDR-SB, clinical dementia rating sum of boxes; WMH, white matter hyperintensity, b, unstandardized β 
coefficient of the interaction term between abnormal marker and time. 
4.2.2.6 ErWM and brainstem SUVRs, and risk of progression from MCI to dementia 
Cox regression analysis showed a significant association between lower ErWM and 
brainstem SUVRs, and higher risk of future dementia only in A+ MCI participants 
(unstandardized β, b = -2.92, P < .001 for ErWM and b = -3.11, P < .001 for brainstem). 
These associations were confirmed using the cut-points for Normal/Abnormal WM and 
brainstem (Figure 19). 




Figure 18 - Kaplan Meier survival curves for the risk of progression from A+ MCI to AD dementia. See text 
for the definition of normal/abnormal WM and brainstem uptake. Time represents the time from amyloid 
PET. Dashed lines represent 95% confidence intervals. Abbreviations: WM, white matter; HR, adjusted 
hazard ratio for abnormal markers, referenced to normal markers; CI, confidence interval. 
4.2.3 Discussion 
In this study, we investigated the relationship of Florbetapir uptake in cerebral WM and 
the brainstem with AD progression, under the assumption that low tracer retention in these 
areas reflects WM degeneration. We found that low tracer retention in WM and brainstem, 
independently of cortical SUVR and WMH, was associated with more abnormal CSF 
biomarkers and impaired cognition. These cross-sectional relations were further confirmed in 
longitudinal analyses, showing that reduced uptake in WM and the brainstem predicted future 
cognitive decline, higher WMH burden, and lower hippocampus volumes. Taken together, 
our findings add to recent studies linking WM lesions with reduced amyloid tracer uptake in 
normal aging and Multiple Sclerosis [97,99-100,148-149] and suggest that WM degeneration, 
as measured by amyloid PET, is relevant for the cognitive and pathological progression of 
preclinical and prodromal AD.  
Consistent with a prior report [178], we found a significant positive association between 
WM uptake and age; however, the strength of this association was small compared to that of 
WMH and, specially, cortical SUVR. Despite of the strong positive association with cortical 
SUVR, we found that WM uptake is independently modulated by amyloid status as well: 
amyloid positive subjects showed a global decrease in WM and brainstem uptake compared to 
amyloid negative. The mechanism that leads to this complex behavior cannot be solely 
attributed to partial volume effects, as demonstrated by our PVE-corrected analysis (see 
Appendix 1). A potential explanation for the positive correlation with cortical SUVR might be 
the affinity of amyloid tracers for different Aβ fibrils [181] present in the WM and the 
brainstem [52,182], which are likely to increase in tandem with cortical pathology. The 
mechanisms behind the global decrease in WM uptake driven by amyloid positivity are, 




AD [167], and proposed neuronal accumulation of tangles and subsequent Wallerian 
degeneration [88] as the mechanistic origin. Although this effect might explain our 
observations, particularly those related with tau and neurodegeneration, it is not clear how 
regions far from the cortex, such as deep WM and the brainstem, could be influenced by this 
process. Another possible mechanism of AD-related WM degeneration is the abnormal 
accumulation of soluble Aβ, the most toxic form of Aβ40, in these areas. Aβ oligomers, 
particularly Aβ-42, were found to be abnormally elevated in the WM of AD brains, 
independently of cortical plaque severity [103]. Demyelination associated to these oligomers 
[183] would thus explain the strong correlation between low CSF Aβ-42 levels and low WM 
and brainstem uptake, pursuant to the findings of a recent study [158]. Also, this observation 
might help to better understand why CSF Aβ-42 turns abnormal before amyloid PET [162], 
suggesting that abnormalities in WM might precede PET detectable cortical plaques.  
Whether this degeneration is the triggering effect leading to cortical deposition or simply an 
aging pathology that interacts with AD needs to be explored in future studies.  
Longitudinal analyses confirmed that the observed cross-sectional associations had a 
relevant impact in the progression of preclinical and prodromal AD participants. These results 
might be of importance for prevention clinical trials since WM is not a common target of 
disease-modifying interventions [184]. Depending on the therapeutic target, clinical trials may 
prefer not to include participants with low WM or brainstem uptake in an attempt to anticipate 
the neurodegenerative cascade of AD.  
Our longitudinal findings might also help to increase the positive predictive value of 
amyloid PET. It is estimated that 5 to 10 years separate detectable brain amyloidosis and 
atrophic changes [185], thus amyloid positivity is weakly linked with short-term decline and 
cognition. With the assessment of WM or brainstem uptake, amyloid PET might become an 
unexpected marker of AD-related neurodegeneration, and therefore be more closely 
associated with clinical symptoms and short-term progression. Investigations shall be carried 
out to see as how to best incorporate this new information together with other PET measures 
of amyloidosis in further studies [73].  
The strengths of this study include 1) a relatively large sample of participants covering 
the spectrum of AD, with concurrent cognitive, amyloid PET, CSF, and MRI examinations, 
allowing the examination of multiple markers and 2) the separate analyses carried out for 
subjects in the Alzheimer’s continuum (A+) at preclinical and prodromal stages. This work 
also had several limitations. First, the ADNI inclusion criteria requires participants relatively 
free of vascular pathology, which might compromise the generalizability of our findings in 
the community. Second, we studied white matter uptake globally rather than regionally, 
which might have blurred associations with markers at earlier stages in the disease. Third, we 
did not assess the longitudinal progression of WM and brainstem uptake due to the large 
number of patients needed to detect a significant decrease over the increase driven by cortical 
SUVR.  
In conclusion, our findings suggest that amyloid PET can be used as an early marker of 
white matter degeneration that contributes to Alzheimer’s Disease progression. Further 
studies are needed to fully understand 1) the role of white matter degeneration in Alzheimer’s 
Disease, 2) the neuropathologic changes associated with low amyloid tracer retention in white 
matter, and 3) the dynamics of amyloid tracer retention in white matter. 
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4.3 STAGING THE COGNITIVE CONTINUUM IN PRODROMAL ALZHEIMER’S 
DISEASE WITH EPISODIC MEMORY 
Recent research efforts shifted towards a biological description of AD in terms of in vivo 
biomarkers of brain amyloidosis (A), tauopathy (T) and neurodegeneration (N), all of them 
integrated in the purported AT(N) scheme [186]. This system plays a central role in the NIA-
AA research framework [17], in which the definition of AD relies only on the presence of 
abnormal levels of both A and T (A+T+), while (N) biomarkers and cognitive symptoms, 
both non-specific for AD, provide complementary staging information [17]. 
Apart from the three classical syndromal cognitive stages, i.e., CN, MCI, and dementia, the 
NIA-AA research framework proposed a new 6-stage Numeric Clinical (NC) staging scheme 
for patients in the Alzheimer’s continuum (patients with A+). Although this staging scheme is 
designed to monitor subtle changes in cognition in CN individuals, only a single stage (Stage 
3) is used to describe the entire cognitive continuum of MCI [17].    
In an attempt to stage cognitive symptoms in MCI, the ADNI and other studies defined the 
‘early’ and ‘late’ stages of MCI on the basis of episodic memory performance [107-109]. 
Many studies demonstrated differences between these two groups, namely, slower 
progression rates to AD dementia [107-108], different prevalence in the community in 
comparison to the clinic [108-109], and different neuropathologic features [110-111,187-191], 
supporting the idea of a sequential evolution between these two groups. However, recent 
evidence has suggested that the observed differences might be caused by the high number of 
false positive MCI diagnoses in the early MCI group [112-113, 192-193], casting doubt on the 
effectiveness of this staging scheme to track the cognitive continuum in AD. Moreover, no 
previous study has investigated whether episodic memory provides independent information 
about severity and progression when applying the NIA-AA research framework criteria to 
define AD.   
In this study, we investigated whether episodic memory staging describes the sequential 
evolution of cognitive symptoms in MCI patients with biomarker evidence of AD, as defined 
by the NIA-AA research framework, and whether it provides complementary prognostic 
information to the AT(N) profiles. 
4.3.1 Specific Methods 
4.3.1.1 Study Design:  
Data were downloaded from the LONI website in November 2018. We examined all 
the patients in the ADNI1/GO/2 study with available clinical, MRI and CSF data at baseline. 
The diagnostic categories included, as defined in the ADNI study, were CN, Subjective 
Memory Complaints (SMC), early MCI (EMCI), late MCI (LMCI), and AD dementia. CN 
and SMC subjects had MMSE scores of 24 to 30, a CDR and Memory Box Score of 0, scores 
in the Logical Memory II Delayed Recall test from the Weschler Memory Scale-Revised 
[194] not below 1.5 standard deviations from normative scores, and absence of significant 
impairment in cognitive functions or activities of daily living. CN and SMC differed only in 
the presence of subjective memory concerns. EMCI and LMCI had the same MMSE range as 
CN and SMC, a Global CDR of 0.5, a Memory Box Score of at least 0.5, and functional 
performance sufficiently preserved to not being considered demented. The inclusion criteria 
for EMCI and LMCI differed only in the score obtained in the Logical Memory II Delayed 




below 1.5 standard deviations from normative data and EMCI scoring between 1 and 1.5 
standard deviations below the standard. Finally, AD dementia patients had MMSE scores of 
20 to 26, a Global CDR of 0.5 or 1, and met the NINCDS/ADRDA criteria for probable AD. 
Although MCI patients were the main focus of our case, the remaining cohorts were also 
included in a cross-sectional analysis to determine whether EMCI represents a transitional 
stage between SMC and LMCI in terms of biomarker abnormalities. Further details can be 
found at http://adni.loni.usc.edu/methods/documents/. Only MCI patients with clinically 
suspected MCI due to Alzheimer’s disease at baseline, as reported by the ADNI investigators, 
were included. A total of 1147 patients, including 267 CN, 88 SMC, 252 EMCI, 324 LMCI, 
and 216 AD dementia had all available clinical, imaging, and CSF examinations. 
4.3.1.2 CSF: 
CSF measurements of Aβ42, p-tau, and t-tau were performed by the Center of 
Neurodegenerative Disease Research, University of Pennsylvania, for ADNI. We downloaded 
the measurements from the Roche Elecsys electrochemiluminescence immunoassay batch. 
Recent evidence indicates that this fully automated assay provides transferable cut-points 
between independent studies [30] which might result in a higher applicability of the findings 
of this study. A detailed description of the procedures used for CSF analysis can be found at 
http://adni.loni.usc.edu/methods/. 
4.3.1.3 MRI: 
All the examined patients had a T1-weighted MRI (1.5T or 3T) scan at baseline. A 
detailed MRI acquisition protocol of the different parts of the ADNI project can be found at 
http://adni.loni.usc.edu/methods/documents/. T1 scans were segmented with Freesurfer v5.1 
[126]. The ADNI collaborators at the Center for Imaging of Neurodegenerative Diseases at 
University of California, San Francisco (UCSF), performed a thorough quality control of their 
own Freesurfer segmentations. We only included those patients with segmentations of the 
hippocampus that passed the ADNI quality control. Only non-accelerated MPRAGE or IR-
SPGR sequences were used. We estimated TIV with SPM12 [129,195] since this measure 
demonstrated to be more accurate than the Freesurfer TIV [129] and because the Freesurfer 
TIV is biased by brain volume [196]. Given that the variability associated to different field 
strengths is small and comparable to within-scanner variability [197-198], we combined 1.5T 
and 3T volumetric measures and included a term to account for field strength in our linear 
analyses (see Section 4.3.1.5 below and Appendix 2 for more details). 
4.3.1.4 Neuropsychology:  
Cognition measures, as assessed by MMSE and the CDR-SB [199], were obtained at 
baseline and in subsequent follow-up visits for all the participants, although we restricted the 
analysis to patients with MCI given that the goal of this study is to investigate the prognostic 
added value of the proposed NC substages.  
4.3.1.5 Implementation of the AT(N) framework: 
We implemented the AT(N) framework using CSF Aβ42 and p-tau as markers of A 
and T, respectively, while hippocampal atrophy measured with MRI was used as a biomarker 
of (N). These measures are standard markers of A, T, and (N) in the NIA-AA research 
framework [17] and represent an accessible AT(N) implementation for most of the hospitals 
and memory clinics. CSF t-tau was not used here as (N) biomarker due to its tight correlation 
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with p-tau in AD [200] and because recent evidence suggests that CSF neurofilament light 
chain might be the most suitable CSF-based (N) marker [201].  
Following recent recommendations, no adjustment for age was performed in CSF 
biomarkers [202]. To obtain an index for (N), we used the average between left and right 
hippocampal volumes normalized by TIV, and adjusted by age and field strength using linear 
regression in the subsample of CN with A-, as defined below. By including the field strength 
term (categorical), we account for the small bias introduced by the different field strengths 
[198]. A detailed description of this approach can be found in the Supplementary Material 
(Appendix 2). This index is referred to as adjusted Hippocampal Volume (aHV) and increases 
with atrophy severity.  
The AT(N) framework requires the definition of cut-points that establish the 
separation between normal (negative) and abnormal (positive) levels of biomarkers. For our A 
marker, we established an externally derived cut-point of 1100 pg/cc based on agreement with 
amyloid PET imaging [30,203-204]. For T and (N), however, no externally derived cut-points 
that directly reflect tauopathy or neurodegeneration have been established for the Roche 
Elecsys assay and MRI under the ADNI protocol. In order to derive independent cut-points to 
be applied in our CN and MCI cohorts, we established cut-points using the 10th percentile 
(90% sensitivity) of the biomarker distribution among AD dementia patients with A+, as 
defined by the aforementioned A cut-point. We used this approach because it provided similar 
imaging cut-points to those obtained by maximizing the discrimination between cognitively 
impaired patients versus young controls [177], which arguably represents the most reliable 
alternative when no direct neuropathology measures are available.  
4.3.1.6 NC staging: 
Following the definition of the NC staging in the NIA-AA research framework [17], 
ADNI CN subjects with A+ can be regarded as Stage 1, SMC with A+ as Stage 2, and EMCI 
and LMCI with A+ as Stage 3. In order to keep a similar nomenclature, we defined a 
subdivision of Stage 3 patients into early and late substages (Early Stage 3 and Late Stage 3) 
following the same neuropsychological criteria used to define EMCI and LMCI [107]. A+ 
AD dementia patients are mildly demented and thus can be regarded as Stage 4.  
4.3.1.7 Statistical Analysis:  
We used Kruskal-Wallis tests to evaluate differences in demographic continuous 
variables among the different NC stages. The Tukey-Kramer method was applied for pairwise 
comparisons. Discrete demographic variables were compared using the χ2 test. 
We used a one-tailed exact binomial test to assess the hypothesis that Stage 1 and 
Stage 2 patients progressed first to Early Stage 3.   
Cross-sectional proportions of each biomarker profile across the NC stages were 
compared using a logistic regression for each AT(N) profile with profile status (absent or 
present) as the dependent variable and NC stage as the independent variable. The model was 
adjusted for age, sex, education years, number of APOE ε4 alleles, and baseline MMSE score.  
Annual rates of change of MMSE and CDR-SB across the NC substages were 
compared by fitting a linear mixed effects model for each AT(N) profile. The model included 
a random intercept per subject, and fixed effect terms for NC substage, the interaction 
between NC substage and time, time, covariates, and the interaction between each covariate 




baseline cognitive score under consideration (MMSE or CDR-SB), and, as a sensitivity 
analysis, levels of CSF Aβ42, p-tau, t-tau, and age- and TIV-adjusted hippocampal volume. 
The adjusted mean rate of change, using Late Stage 3 as reference, was obtained from the 
coefficient of the interaction between NC substage and time.  
We assessed the time of progression to AD dementia computing Kaplan Meier 
survival curves and fitting a cox proportional hazards model for each profile. The model was 
adjusted by the same covariates, including both baseline MMSE and CDR-SB, described 
above.   
F tests were used to assess the significance of model coefficients. Post-hoc contrasts 
were conducted for pairwise comparisons. The significance level was set α = 0.05. The 
Bonferroni correction was applied to correct for multiple inferences. We reported two-tailed p 
values, except for the binomial exact test. The Statistics and Machine Learning Toolbox™ 
from MATLAB (R2017a) (https://es.mathworks.com/help/pdf_doc/stats/stats.pdf) was used 
for all statistics. 
4.3.2 Findings  
4.3.2.1 Cohort characteristics: 
The proportion of patients with A+ increased with symptomatology: 113 (42%) CN 
had A+, 32 (36%) in SMC, 132 (52%) in EMCI, 255 (79%) in LMCI, and 200 (93%) in AD 
dementia. Demographic information for A- participants is presented in Supplementary Table 
1 (Appendix 2).  Table 6 shows the characteristics of the A+ participants examined in this 
study, stratified by NC stages and the proposed substaging. 
Table 6 - Demographic Information for A+ (abnormal CSF Aβ42 levels) participants. Continuous variables 
are reported as means ± standard deviation. P values were calculated using a Kruskal-Wallis test 
(continuous variables) or a χ2 test (categorical variables). Abbreviations: NC: Numeric Clinical. E. Stage 3: 
Early Stage 3. L. Stage 3: Late Stage 3.  MMSE: Mini Mental State Examination score. CDR-SB: Clinical 
Dementia Rating—Sum of Boxes. APOE: Apolipoprotein E. N/A: Not assessed. 
 
Each stage had small differences in age, sex, and education. Cognitive measures 
worsened with increasing stage, with Early Stage 3 representing a trade-off between Stage 2 
NC Stage 





E. Stage 3 
132 






      
Age (years) 75±6 73±5 73±7 74±7 74±8 0.14 
Female (%) 50 69 38 37 42 0.021 
Education (years) 16±3 17±2 16±3 16±3 15±3 0.032 
MMSE 29±1 29±1 28±2 27±2 23±2 <0.001 
CDR-SB  0±0 0±0 1±1 2±1 4±2 <0.001 
Follow-up (years) 5±3 3±2 4±2 4±2 N/A <0.001 
APOE ε4 carriers (%) 40 59 58 63 74 <0.001 
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and Late Stage 3. APOE genotype followed the expected trend. Pairwise comparisons 
between Early and Late Stage 3 only showed that Early Stage 3 had significantly higher 
baseline MMSE score (median difference 1, 95% CI 1 to 2; p < 0.001). Post-hoc analyses can 
be found in the Appendix 2. Biomarker levels also had a higher rate of abnormality in the 
progression of NC Stages (Figure 20). Again, Early Stage 3 levels demonstrated to imbricate 
between Stage 2 and Late Stage 3, specially for T and (N) markers. Late Stage 3 displayed 
significantly more abnormal biomarker levels than Early Stage 3 (p < 0.05 for all the 
biomarkers). Biomarker levels for A- participants are presented in Supplementary Figure 1 
(Appendix 2).  
 
Figure 20 - Box plots showing biomarker levels across the different Numeric Clinical Stages and substages. 
aHV stands for intracanial volume-, field strength-, and age-adjusted hippocampal volume, and is higher 
and positive for higher atrophies. Abbreviations: CSF: Cerebrospinal Fluid. E. Stage 3: Early Stage 3. L. 
Stage 3: Late Stage 3. 
4.3.2.2 AT(N) profiles across NC stages: 
The 90% sensitivity approach used to derive biomarker cut-points yielded the 
following results: p-tau cut-point = 19.39 pg/cc and aHV cut-point = 1.82×10−4. Figure 21 
shows the prevalence of the AT(N) profiles for each stage. Demographic information for each 
profile in Early and Late Stage 3 can be found in Supplementary Table 2 (Appendix 2). The 
proportion of A+T+(N)+ increased at every NC stage (Stage 1 < Early Stage 3 < Late Stage 3, 
p < 0.01 for each comparison), while in A+T+(N)- and A+T-(N)- decreased (for A+T+(N)-, 
Early Stage 3 > Late Stage 3, p < 0.05; for A+T-(N)-, Stage 1 > Early Stage 3 > Late Stage 3, 
p < 0.01 for each comparison). No significant differences in prevalence were observed for 
A+T-(N)+.  
 
Figure 21 - Sample sizes and prevalence of each AT(N) profile for patients in the Alzheimer’s continuum, 





4.3.2.3 Longitudinal Progression of Stage 1 and 2 patients: 
During follow-up, 28 Stage 1 and 7 Stage 2 patients progressed to other stages on an 
average of 4.1±2.6 and 2.6±1.2 years, respectively. Nineteen Stage 1 and 3 Stage 2 progressed 
to Early Stage 3, while the rest progressed to Late Stage 3. No direct transitions to Stages 4-6 
were observed. We regarded Early Stage 3 as those who progressed to a clinical diagnosis of 
MCI but had neuropsychological scores above (more normal) the limits specified in the ADNI 
inclusion criteria. The proportion of Stage 1 and 2 patients who transitioned to Early Stage 3 
was higher than that of Late Stage 3 (65%, p = 0.043). 
4.3.2.4 Cognitive decline:   
To ascertain whether the new NC stages provided prognostic information to the 
AT(N) profiles we conducted linear mixed effects models for longitudinal measures of 
MMSE and CDR-SB. Table 7 shows the mean difference in annual rates of change for Early 
Stage 3 compared to Late Stage 3 patients. Overall, Early Stage 3 patients showed a slower 
decline on both MMSE and CDR-SB than patients in Late Stage 3 (Figure 22), with 
significant differences in A+T+(N)- and A+T+(N)+ profiles. Additional sensitivity analyses 
for varying p-tau and aHV cut-points (±15% around the values derived here) can be found in 
Supplementary Figure 2 (Appendix 2), showing the stability of the results.  
 
Table 7 - Difference in annual change of cognitive measures in Early Stage 3 compared to Late Stage 3. A 
positive (negative) difference in annual change of MMSE (CDR-SB) means that the decline of Early Stage 3 is 
slower than in Late Stage 3. Quantities between parentheses are 95% CI. Abbreviations: L. Stage 3: Late 
Stage 3. E. Stage 3: Early Stage 3. MMSE: Mini Mental State Examination score. CDR-SB: Clinical Dementia 
Rating—Sum of Boxes. 
Variable Difference in annual change (pts/y) P Value 
MMSE     
 AT(N)   
 A+T-(N)-  0.16 (-0.08 to 0.40) 0.20 
 A+T+(N)- 0.35 (0.17 to 0.53) < 0.001 
 A+T+(N)+ 0.42 (0.19 to 0.64) < 0.001 
 A+T-(N)+ 0.20 (-0.02 to 0.41) 0.07 
CDR-SB     
 AT(N)   
 A+T-(N)- -0.19 (-0.34 to -0.03) 0.02 
 A+T+(N)- -0.27 (-0.40 to -0.15) < 0.001 
 A+T+(N)+ -0.50 (-0.64 to -0.35) < 0.001 
 A+T-(N)+ -0.05 (-0.21 to 0.10) 0.50 
 




Figure 22 - Longitudinal progression of Mini Mental State Examination and Clinical Dementia Rating—Sum of 
Boxes for each biomarker profile and substage, as predicted by the fitted linear mixed models evaluated at 
mean values of continuous covariates and reference categorical covariates (males and APOE ε4 non-
carriers). Shaded areas represent 95% confidence intervals. Abbreviations: MMSE: Mini Mental State 
Examination. CDR-SB: Clinical Dementia Rating—Sum of Boxes. 
4.3.2.5 Progression to AD dementia: 
At follow-up, 41 Early Stage 3 and 147 Late Stage 3 progressed to AD dementia (see 
Supplementary Table 3 (Appendix 2) for details). Figure 23 shows Kaplan Meier survival 
curves and hazard ratios for three of the four profiles (A+T-(N)- had only 6 progressions to 
AD dementia and was excluded from the analysis). Late Stage 3 patients had higher risk of 
progression to AD dementia than Early Stage 3, this risk being significantly higher for 
A+T+(N)+ patients but not for those with A+T+(N)- (Figure 23). Patients with an A+T-(N)+ 
profile showed a similar risk of progression to AD dementia. Sensitivity analyses for varying 
p-tau and aHV cut-points, presented in Supplementary Figure 2 (Appendix 2), showed that 
these results were robust under slight variations in cut-points. 
 
Figure 23 - Survival curves for the progression to AD dementia, according to AT(N) profiles and substages. 
Hazard ratios are defined as Early versus Late Stage 3. We did not include the A+T-(N)- because only 3 





In the study presented here, we investigated the effectiveness of episodic memory as a 
descriptor of the cognitive continuum in MCI patients with biomarker evidence of AD. 
Although prior work had already drawn comparisons between the early and late stages of 
MCI in terms of progression and pathologic features [107-109,110-111,187-191], this is, to 
our knowledge, the first study in which the comparison has been performed among subjects 
with biomarker confirmation of AD, as defined by the NIA-AA research framework [17]. 
This is extremely important since recent studies have suggested that the high number of false 
positive MCI diagnoses in the EMCI group might have influenced previous results [112-113, 
192-193], leaving the efficacy of the episodic memory staging to track cognition in prodromal 
AD unclear.  
In contribution to solving for the aforementioned problem, our cross-sectional results 
suggest that Early Stage 3 represents a transitional stage between Stage 2 and Late Stage 3 in 
the pathophysiological progression of the disease (Figure 20 and 21). Moreover, Figure 21 
indicates that biomarker abnormalities evolve according to a A+T-(N)- → A+T+(N)- → 
A+T+(N)+ temporal progression [31,138,205], in which Early Stage 3 fits in the expected 
way, i.e., with more (fewer) A+T+(N)+ (A+T-(N)-) profiles than in Stages 1 and 2 but fewer 
(more) than in Late Stage 3. The longitudinal tracking of Stage 1 and 2 patients showed that 
the most probable transition was to Early Stage 3, supporting our hypothesis that this stage 
represents not only a transitional phase in terms of biomarker profiles but also accurately 
describes the cognitive continuum of AD.  
We also investigated whether episodic memory staging of Stage 3 patients was indicative 
of patient progression for a given AT(N) profile. We found that cognitive decline and 
progression to AD dementia were faster in Late Stage 3 than in Early Stage 3 patients only for 
AD-type profiles (profiles with A+T+) (Table 7 and Figures 3 and 4). This finding was 
independent of intra-profile levels of Aβ42, p-tau, t-tau and hippocampal atrophy, suggesting 
that episodic memory actually provides complementary information about the severity of the 
disease. It is not clear, however, to what extent these differences in progression can be 
attributed to a more fine-grained staging system rather than to differences in cognitive reserve 
[206] or concomitant pathology burden. Under the cognitive reserve scenario, some subjects 
would exhibit less impaired cognition than expected for a given burden of AD 
neuropathologic changes. In this context, our Early Stage 3 patients might represent subjects 
with high cognitive reserve, although it is also possible that the higher impairment of Late 
Stage 3 patients might be due to the presence of concomitant pathologies. For instance, 
vascular pathology is known to accelerate cognitive deterioration [208-209] and recent 
evidence suggest that vascular pathology might be a core AD feature [76]. 
Regardless of the origin of cognitive differences between Early and Late Stage 3 patients, 
the significantly divergent outcomes observed in this study indicate that proper accounting for 
these substages might result in a better prediction of cognitive decline and, thus, in increased 
power for interventional trials using profile-based participant selection. Also, the rapid 
progression to AD dementia observed in A+T+ LMCI suggests that these patients might be 
appropriate candidates for symptomatic treatment, allowing to treat symptoms earlier in the 
disease course.  
Episodic memory staging may also help to harmonize prognosis results obtained across 
different Stage 3 cohorts. Since current guidelines for the definition of Stage 3 or MCI leave 
the definition of abnormality cut points in cognitive scores to the discretion of the researcher 
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[17-18,209-210], the proportion of patients in the early stage might vary dramatically from 
cohort to cohort, resulting in a wide range of estimates of prognostic accuracy for the different 
biomarkers of AD [211-212]. This variability was one of the main factors that hampered the 
development of recommendations regarding the use of CSF and imaging biomarkers in 
predicting short-term decline [202].  Differences might be even more disparate in community 
cohorts, in which EMCI prevalence is much higher than in the clinic [108-109]. In this regard, 
accounting for substages seems to be a promising approach to reduce variability across 
different Stage 3 cohorts, improving the quality of the evidence for the development of new 
guidelines.  
Our analysis has also revealed the heterogeneous nature of the A+T-(N)+ profile. 
Regarded as a combination of early AD pathologic changes and other non-AD conditions 
[17], this profile has proven to be equally likely across the different stages (Figure 21) and, 
therefore, seems to lie outside the biomarker progression observed in the other 3 profiles of 
the Alzheimer’s continuum. Not to mention, rates of progression were similar in Early and 
Late Stage 3, suggesting that episodic memory is not useful in predicting progression when 
the impairment is caused by other non-AD conditions.  Furthermore, Figures 22 and 23 show 
that cognitive decline and conversion to AD dementia was faster for A+T+(N)+ profiles in 
comparison to A+T-(N)+, confirming that the addition of the T biomarker predicts faster 
progression [17,213] compared to previous amyloid-neurodegeneration schemes [18,209]. 
This study has strengths.  First, by comparing early and late MCI subjects with biomarker 
evidence of AD we excluded false positive MCI diagnoses that potentially contaminated the 
findings of previous studies, increasing the reliability of our findings. Second, by performing 
an analysis based on the AT(N) framework we provided first-time evidence indicating that 
episodic memory is an accurate descriptor of the AD cognitive pathway only in patients with 
the NIA-AA research framework definition of AD (A+T+). Third, our findings might help to 
refine the NC staging scheme, describing symptom progression more accurately at the MCI 
stage.  
Our study was not without its limitations. Given the lack of autopsy-validated cut-points 
reflecting tauopathy or neurodegeneration in published literature, we used an alternative 
method which does not reflect brain pathology directly, but that provides similar imaging cut-
points to those obtained when discriminating between cognitively normal young and A+ 
cognitively impaired subjects [177]. Biomarker values close to the cut-point were commonly 
found, which might limit the applicability of our results for subjects with borderline 
biomarker levels. We combined 1.5T and 3T data in our analyses, which, despite the 
statistical corrections we used, might have influenced our results.  Although many cognitive 
tests can be used to objectively assess a memory deficit, only the Logical Memory II Delayed 
Recall test from the Weschler Memory Scale-Revised was used in this study. It is not clear 
whether the categorization into Early and Late Stage 3 might vary using different tests, 
leading to better or worse staging and prognostic information. Another limitation is that 
ADNI MCI cohorts represent only a highly preselected fraction of patients with MCI and, 
therefore, conclusions made here regarding different MCI cohorts and community MCI 
samples are plausible but need future confirmation. Further investigations are needed to 
confirm the observed differences in Early Stage 3 versus Stage 2, given the low number of the 




In conclusion, our findings might help to describe the symptomatic progression in AD 
more accurately, leading to a potential refinement of the NC staging scheme that will result in 
power increases for profile-based clinical trials. 
  























Overall, the main findings of this thesis support the hypothesis that biomarkers other than the 
conventional markers of amyloid, tau, and neurodegeneration are associated with the 
pathogenesis and progression of AD. Specifically, this thesis provides the following 
conclusions:  
• WMH are associated with a faster accumulation of amyloid pathology in CN 
subjects without elevated cortical amyloid burden, as measured with amyloid 
PET. 
• Amyloid PET tracer retention in the WM is sensitive to demyelinating 
pathology in these areas. This demyelination predicts progression in 
preclinical and prodromal AD.  
• Episodic memory is useful to track the prodromal cognitive continuum and 
provides complementary prognostic information to amyloid, tau, and 
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Supplementary Analysis: Partial volume correction 
Although the Eroded WM volume of interest is, by definition, robust against partial volume 
effects (PVE) (borders are removed), the brainstem could be affected. Thus, we repeated all 
the analyses after applying partial volume correction (PVC) to confirm that these effects have 
not influenced our main findings.  
T1 structural scans were segmented using Freesurfer 6.0. Amyloid PET scans, at the 
maximum preprocessing level in the ADNI pipeline, were coregistered to the T1 scan using 
Freesurfer (mri_coreg). Then, the PETSurfer implementation of the Symmetric Geometric 
Transfer Matrix [1,2], a ROI-based correction [3], was run on each individual. The FWHM of 
the point spread function was assumed to be 8 mm, as done in previous studies using ADNI 
data [4]. 
Section 4.2.2.2 with PVC 
Supplementary Fig. 1 shows that the relation of brainstem SUVR with cortical SUVR was 
dependent on cortical SUVR and on amyloid status. On the one hand, partial correlations 
adjusted by age showed that brainstem SUVR was positively correlated with cortical SUVR 
only in A+ subjects (Fig. 1, P = .002). On the other hand, in order to assess the effect of 
amyloid status, we fit a multivariable model including age, sex, APOE ε4 carriage, WMH, 
cortical SUVR, and amyloid status. No interaction term was included due the non-significant 
correlation in A- subjects. The amyloid status term was significantly associated with 
brainstem SUVR (A+ had lower SUVR, β = -0.37, P = .002), indicating that cortical 
amyloidosis results in a global reduction of uptake in the brainstem, independent of the 
increase driven by cortical SUVR. 
Significant associations were also found for WMH (β = -0.14, P < .001) and APOE status 
(APOE carriers showed lower SUVR, β = -0.26, P = .002). 
Supplementary Figure 1: Relation between brainstem SUVR and 




Section 4.2.2.3 with PVC 
Supplementary Fig. 2 shows brainstem SUVR across diagnostic cohorts and amyloid status. 
For A+ participants, MCI had lower brainstem SUVR than CN (β = -0.71, P < .001) and 
higher than AD dementia subjects (β = 0.49, P < .001). No significant differences were found 
across A- participants. 
 
Section 4.2.2.4 with PVC 
Supplementary Fig. 3 shows that low brainstem SUVR was significantly associated with low 
CSF Aβ-42 levels for all the diagnostic cohorts and amyloid statuses, except for A- CN. 
Additional linear models including an interaction between cortical SUVR and brainstem 
SUVR revealed a significant interaction in CN (β = 0.09, P = .006) and MCI (β = 0.07, P = 
.02), indicating that decreases in brainstem uptake were associated with stronger decreases in 
CSF Aβ-42 if cortical SUVR is high. 
Supplementary Fig. 3 shows that low brainstem SUVR correlated with high CSF p-tau in A- 
and A+ MCI, and A+ CN, although did not reach statistical significance. Low brainstem 
SUVR was associated with low Hippocampus volume only in A+ MCI (β = 0.11, P = .06). 
Regarding cognition, only A+ MCI subjects showed a significant association between low 
brainstem SUVR and high ADAS-Cog-13 (β = -0.15, P = .02) and CDR-SB (β = -0.19, P = 










Supplementary Figure 2: Brainstem SUVR for each diagnostic cohort and 
amyloid status. 






Section 4.2.2.5 with PVC 
Supplementary Table 1 summarizes the longitudinal associations of brainstem SUVR with 
longitudinal change in cognition, WMH, and hippocampus volume. Low baseline brainstem 
SUVR was significantly associated with faster cognitive decline in A+ CN and A+ MCI, but 
not among A- individuals (only a significant decline in A- CN individuals for CDR-SB). 
Interaction analyses showed that the effects of low brainstem SUVR on longitudinal cognition 
were stronger if cortical SUVR was high in CN (ADAS-Cog-13: unstandardized β, b = -1.2 
pts/y/SUVR², P < .001; CDR-SB: b = -0.10, pts/y/SUVR², P = .04) and MCI (ADAS-Cog-13: 
b = -1.9 pts/y/SUVR², P < .001; CDR-SB: b = -0.45, pts/y/SUVR², P < .001). Similarly, low 
baseline brainstem SUVR predicted increased WMH burden in A+ CN and A+ MCI. The rate 
of WMH change was higher for A+ CN compared to A+ MCI. The effect of low brainstem 
SUVR in longitudinal WMH burden was higher for high cortical SUVR, as demonstrated by 
interaction analysis in CN (b = -0.42 cm³/y/SUVR², P = .06) and MCI (b = -0.63 
cm³/y/SUVR², P = .006). Low longitudinal hippocampus volumes were associated with low 




Supplementary Figure 3:  Linear models relating brainstem SUVR with CSF Aβ-42 and with CSF p-




  Brainstem 
Outcome Cohort Unstandardized β (95% CI) P value 
ADAS-Cog-13 A- CN 0.24 (-0.12 to 0.72) .20 
A+ CN -1.32 (-2.28 to -0.48) .002 
A - MCI 0.24 (-0.24 to 0.72) 
 
.30 
A + MCI -1.56 (-2.28 to -0.96) < .001 
CDR-SB A- CN -0.11 (-0.19 to -0.04) .003 
A+ CN -0.24 (-0.37 to -0.11) < .001 
A - MCI 0.04 (-0.06 to 0.15) .42 
A + MCI -0.69 (-0.86 to -0.52) < .001 
WMH volume A- CN 0.28 (-0.23 to 0.80) .28 
A+ CN -0.85 (-1.55 to -0.15) .02 
A - MCI 0.00 (-0.43 to 0.44) .98 
A + MCI -0.5 (-0.94 to -0.06) .03 
Hippocampus volume A- CN 9 (-38 to 56) .72 
A+ CN 33 (-17 to 83) .20 
A - MCI 8 (-20 to 37) .56 
A + MCI 36 (8 to 64) .01 
Supplementary Table 1: Longitudinal associations of Eroded WM and brainstem SUVR, for different 
outcomes. 
 
Supplementary Fig. 4 further demonstrates the previous longitudinal relations after replacing 
continuous brainstem SUVR by Normal/Abnormal brainstem categories, as defined in Section 
4.2.1.7. The proportion of subjects with abnormal brainstem marker was significantly lower in 








Supplementary Figure 4: Linear mixed models representing the longitudinal trajectories of A+ CN and A+ 
MCI, for normal and abnormal brainstem uptake categories. 
Section 3.6 with PVC 
Cox regression analysis showed a significant association between lower brainstem SUVR and 
higher risk of future dementia only in A+ MCI participants (unstandardized β, b = -1.52, P < 
.001). These associations were confirmed using the cut-points for Normal/Abnormal 
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Supplementary Figure 5: Kaplan Meier survival curves for the risk of 
progression from A+ MCI to AD dementia, according to normal and abnormal 
categories of brainstem uptake. 














































     
Age (years) 74±6 72±6 69±7 73±9 79±8 
Female (%) 51 54 48 41 31 
Education (years) 16±3 17±3 16±3 16±3 15±3 
MMSE 29±1 29±1 29±1 28±2 24±2 
CDR-SB 0±0 0±0 1±1 1±1 5±2 
APOE ε4 carriers (%) 14 21 23 23 19 
      
AT(N) 
N (Early/ 














Early/Late Stage 3 
Age (years) 70±7/74±8 72±6/74±8 74±6/74±7 74±7/73±8 
Female (%) 35/23 49/60 35/34 24/26 
Education (years) 15±2/17±3 15±3/16±3 16±3/16±3 17±3/17±2 
MMSE 29±1/27±2 28±2/28±2 28±2/27±2 28±2/27±2 
CDR-SB 1±1/1±1 1±1/1±1 2±1/2±1 1±1/2±1 
APOE ε4 carriers (%) 35/23 76/53 60/73 43/42 




Supplementary Table 3 – Demographic information of Stage 3 patients who remained stable during follow-

























Stable/Progressive Stage 3 
Age (years) 72±8/72±6 72±7/73±8 75±6/74±7 75±7/72±8 
Female (%) 31/33 47/64 33/34 24/26 
Education (years) 16±2/16±3 16±3/15±3 16±3/16±3 17±3/17±2 
MMSE 28±2/29±2 28±2/28±2 27±2/27±2 28±2/27±2 
CDR-SB 1±1/1±1 1±1/2±1 2±1/2±1 2±1/2±1 
APOE ε4 carriers (%) 31/33 73/56 67/73 30/63 
Number of  
Early Stage 3 
20/3 31/14 24/18 15/6 
 
Number of  
Late Stage 3 
9/3 20/25 46/113 18/13 
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Supplementary Figure 2 – Sensitivity analysis in Difference in annual change of MMSE and CDR-SB, and 





Supplementary Methods:  
Derivation of the adjusted Hippocampal volume.  
In order to account for the effects of age and field strength on hippocampus volumes, we 
performed linear regression in the sample of A- cognitively normal participants.  
𝐻𝑉
𝑇𝐼𝑉
= 𝛽0 + 𝛽1 × 𝑎𝑔𝑒 +  𝛽2 × 𝐹𝑖𝑒𝑙𝑑 
Where HV stands for hippocampus volume (average between left and right), TIV for total 
intracranial volume, and Field is a binary variable representing field strength (1.5T and 3T). 
β’s are regression parameters.  
aHV is therefore calculated in the following way: 
𝑎𝐻𝑉 =  𝛽0 + 𝛽1 × 𝑎𝑔𝑒 +  𝛽2 × 𝐹𝑖𝑒𝑙𝑑 − 𝐻𝑉
′/𝑇𝐼𝑉′  
Where HV’ and TIV’ stand for the hippocampus and total intracranial volumes of the subject 
under consideration.  
 
 
 
 
 
